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T ER M IN O LO GY AND SYMBOLS
D i f f e r e n t  te rm s  have been used in t h e  d iscuss ion  o f  data on the
15 15 15s tab le  i so tope ,  N. The  te rm  'n a tu r a l  N a b u n d a n c e 1 r e fe r s  to  N
c o n c e n t r a t i o n s  o f  n i t r o g e n  in unamended soil o r  p la n t  mater ia l  and is
15 15g e n e r a l l y  e x p re s s e d  as 6 N.  T h e  te rm  ' N e n r i c h m e n t 1 d esc r ibe s  
15
t he  N c o n c e n t r a t i o n  o f  n i t r o g e n  in soil o r  p la n t  mater ia l  t h a t  has
15been label led  b y  a d d in g  N - e n r i c h e d  combined n i t r o g e n  and spec i f i c
15 15va lu es  are  g iv e n  as atoms % N. T h e  genera l  te rm s  1 N
c o n c e n t r a t i o n 1 and ' i so top ic  compos i t ion '  are used s y n o n y m o u s ly  to
d e s c r ib e  e i t h e r  label led o r  un labe l led  m a te r ia l .
T h e  te rm  'n i t r o g e n  y ie ld '  is used in e x p l i c i t  d e s c r ip t i o n s  ( e . g .  
-1 -1
mg N po t  , kg N ha ) and is used s y n o n y m o u s ly  w i th  the  'amount  
o f  n i t r o g e n '  and ‘n i t r o g e n  a c c um u la t io n ' .
T h r o u g h o u t  t h i s  t h e s i s ,  s ta t i s t i ca l  compar isons  i n v o l v e  the  
fo l l o w in g  te rm s  and symbo ls :
v a r ia n c e  is used  in gene ra l  d e s c r i p t i o n s  of  e r r o r ;
S .E .  is the  s ta n d a r d  e r r o r ;  and
S . E . D .  is the  s t a n d a r d  e r r o r  o f  t h e  d i f f e r e n c e  between
two  o r  more means.
Symbols w h ich  are used f r e q u e n t l y  are  as fo l l o w s ;
15B the  N c o n c e n t r a t i o n  o f  legume n i t r o g e n  d e r i v e d
e n t i r e l y  f rom a tm osphe r ic
P the  p r o p o r t i o n  (%) of  legume n i t r o g e n  f i x e d  f rom
a tm osp h e r ic
_R th e  ra t io  o f  n i t r o g e n  ass im i lated b y  p lan ts  f rom
added comb ined n i t r o g e n  and f rom in d ig e n o u s  soil 
n i t r o g e n .
( x i i )
SUMMARY
15 15I n c re a s in g ly  t h e  n a tu ra l  N a b u n d a n c e  and  N iso tope  dilut ion
m e thods  a r e  be ing  appl ied  to t h e  m e a s u re m e n t  of f ixat ion by
legumes in th e  f ie ld ,  b u t  t h e  a c c u r a c y  of t h e s e  methods  is u n c e r t a in .
T h e r e f o r e ,  t h e  s t u d y  r e p o r t e d  in t h i s  t h e s i s  was in i t ia ted  to examine
t h e  va l id i ty  of some of th e  a s s u m p t io n s  upon  which t h e  methods  a re
b a s e d ,  with p a r t i c u l a r  r e f e r e n c e  to mixed l e g u m e / g r a s s  p a s t u r e s .
15T h e  n a tu ra l  a b u n d a n c e  method d e p e n d s  on t h e  N co n ce n t ra t io n
of soil N be ing  s ig n i f i can t ly  d i f f e r e n t  from t h a t  of a tm ospher ic  N^.
15In a r a n g e  of p a s t u r e  soils (0-50  mm d e p t h )  t h e  6 N of total  N
v a r ie d  from 2.55 to 6.79%0 (with  r e s p e c t  to a tm o s p h e r ic  N^).  Within
15soil p ro f i l e s ,  t h e  6 N of total  N i n c r e a s e d  with soil d e p t h ,  b u t  t h e r e
15was no s ig n i f i can t  c h a n g e  with d e p t h  in th e  6 N of N assimilated  by 
p l a n t s .
Isotopic f r ac t io n a t io n  o c c u r r e d  d u r i n g  f ixa t ion  by  t h r e e
legumes and  it was n e c e s s a r y  to a d j u s t  fo r  t h i s ,  in t h e  ca lcu la t ion  of
t h e  p ro p o r t i o n  ( £ )  of legume N f ixed  from a tm o s p h e r ic  N^, u s in g  th e  
15n a tu ra l  N a b u n d a n c e  me thod .
Field s tu d ie s  with fo u r  l e g u m e / g r a s s  as soc ia t ions  were  u sed  to
examine f u r t h e r  f e a t u r e s  of t h e  n a t u ra l  a b u n d a n c e  and  iso tope  di lu t ion
m ethods  t h a t  could a f f ec t  t h e  es t im ate  of £ .  E r r o r s  as soc ia ted  with £
were  s l ig h t ly  h ig h e r  when t h e  n a t u r a l  a b u n d a n c e  method was u s e d .  
15T he  N isotope di lu t ion  method p r o d u c e d :
1 C  _
1) d i f f e r e n t  e s t im a tes  of £  when t h e  NO^ was w ashed into 
t h e  soil with d i f f e r e n t  am oun ts  of w a te r ,  and
2) d i f f e r e n t  e s t im a tes  of £  u s in g  d i f f e r e n t  r e f e r e n c e  p l a n t s ,  
even  when  sampled from with in  t h e  same plo t .
( x i i i )
T h e  s e c o n d  f a c to r  has  th e  l a r g e s t  e f f ec t  on th e  es t imates  of P us ing  
15 N iso tope  d i l u t i o n .
In o r d e r  to ev a lu a te  ob jec t ive ly  t h e  su i ta b i l i ty  of r e f e r e n c e  
15p la n t s  in N isotope d i lu t ion s t u d i e s ,  a t e c h n i q u e  was deve loped  so
t h a t  t h e  ra t io  (_R) of N ass imi la ted  from t h e  ad d ed  ^ N - l a b e l l e d  N and
in d i g e n o u s  soil N could be m e a su re d  s e p a r a t e l y  fo r  th e  legume and
r e f e r e n c e  p l a n t .  T h i s  t e c h n i q u e  was used  in a soil p rof i le  e x p e r im e n t
15in which  n e g a t iv e  e s t im a tes  of P were  ob ta in ed  by th e  N iso tope  
d i lu t ion  method  fo r  a c l o v e r / p h a l a r i s  assoc ia t ion  d u r i n g  t h e  f i r s t  16
d a y s  a f t e r  add i t ion  of NO^ • T h e  l a t t e r  r e s u l t  was a s soc ia ted  with
R . e x c e e d in g  R , . . ; in t u r n  th i s  was due  to a dec l in ingc lo v e r  a p h a l a r i s
15e n r i c h m e n t  of N in t h e  p l a n t - a v a i l a b le  soil N and  a g r e a t e r  initial
15u p t a k e  of  N by  c lo v e r .  When N iso tope  di lu t ion was u sed  on a
c l o v e r / r y e g r a s s  a s s o c ia t io n ,  t h e r e  was no s ig n i f i c a n t  d i f f e r e n c e  in R
be tw ee n  t h e s e  two p l a n t s .  However ,  e s t im a tes  of P u s in g  n a tu ra l
a b u n d a n c e  fo r  c love r  g row n  with r y e g r a s s  were  h ig h e r  t h a n  when
c lover  was  g row n  with p h a l a r i s ;  t h i s  was a s soc ia ted  with lower levels
of i n o rg a n ic  soil N in t h e  c l o v e r / r y e g r a s s  a ssoc ia t ion .  T h u s ,  t h e r e
15may be e r r o r s  in t h e  e s t im ate  of P u s in g  N iso tope  di lu t ion ca u s e d  
by  mism atc h ing  of temporal  p a t t e r n s  of N assimilat ion by  th e  legume 
and  r e f e r e n c e  p la n t .  Also,  th e  r e f e r e n c e  p la n t  may in f luence  P in
mixed l e g u m e / g r a s s  a s soc ia t ions  b e c a u s e  d i f f e r e n t  g r a s s e s  may 
d i f f e r e n t i a l ly  lower soil N levels .
T h e s e  s t u d i e s  ind ica te  t h a t  c a r e  shou ld  be t a k e n  in u s in g  th e
15
N iso tope  di lu t ion  m e thod ,  p a r t i c u l a r l y  in rela t ion  to choos ing  a
s u i t a b le  r e f e r e n c e  p l a n t ,  if re l i ab le  e s t im a tes  of P a r e  to be o b t a in e d .
15In th i s  r e s p e c t ,  t h e  n a tu ra l  N a b u n d a n c e  method was less
s u s c e p t i b l e  to e r r o r s  in e s t im a t ing  P_. H ow ever ,  it is more p ro n e  to
( x i  v )
p rob lem s  associated w i t h  i so top ic  f r a c t i o n a t i o n  d u r i n g  f i x a t i o n  and
sample p r e p a r a t i o n ;  t hese  shou ld  be examined c r i t i c a l l y  when the  
15
n a tu ra l  N a bu n da n c e  method is used .
1CHAPTER 1 
INTRODUCTION
Nitrogen is one of the  most widely d i s t r ib u te d  elements in 
n a tu r e .  Most of it occurs  in the  d in i t rogen  (N^) form in rocks  and 
sediments  in the  e a r th ' s  c r u s t  and the  amount p re s e n t  is about  50 
times t h a t  found in the  a tmosphere  (B u r n s  and Hardy 1975). 
However,  the  soil layer conta ins  only a minute frac tion of the
li thosphere  n i t rogen  (N) and only a v e ry  small proportion of the  soil 
N is d i rec t ly  available to p lants  (S tevenson  1982).
Plant-available  soil N occurs  predominantly  in the  form of 
n i t r a t e ,  n i t r i te  and ammonium and the  amount of each of th e se  forms 
can v a ry  cons iderab ly  over  s h o r t  periods  due to biological 
mineralization,  immobilization and assimilation p rocesses  (Young and 
Aldag 1982),  bu t  in general  it is v e ry  small. In addit ion ,  large 
losses of p lan t-avai lab le  soil N can occur  by biological denit ri f ica tion 
and by the  physical  p rocesses  of erosion,  leaching and volatilization 
(Harmsen and van Sch reven  1955; Ball 1979; Steele and Shannon
1982). The inpu t  of N in prec ip ita tion is normally in the  ran g e  of 
0 .8 -2 2 .0  kg N ha y r  and is genera l ly  too small to be of importance 
in crop and p a s tu r e  p roduct ion  (S tevenson  1982). T h u s ,  most soils 
a re  defic ient in N for plant growth  (S ubba  Rao 1977). Nitrogen must 
be supplied in fe r t i l ize rs  or by growing legumes to fix a tm ospher ic  N^ 
if high yielding c rops  and p a s tu r e s  are  to be grown.
World use  of fe r t i l ize r  N is h uge ,  being ove r  60 million tonnes  
d u r in g  1980/81 ( F . A . O .  1981). In the  United S ta tes  of America the  
manufac ture  of N fe r t i l ize r  uses  more e n e r g y  than  any o th e r  single 
facet  of ag r icu l tu ra l  production  (Keeney 1982). T h e re  is a v a s t
2s u p p l y  o f  ' f r e e '  a tm os p h e r i c  b u t  at  o r d i n a r y  t e m p e r a tu r e s  and
p r e s s u r e s  i t  can o n l y  be u t i l i z e d  b y  N ^ - f i x i n g  m ic r o o r g a n i s m s . T h e  
s y m b io t i c  assoc ia t ion  fo rmed  between N ^ - f i x i n g  m ic roo rgan ism s  and 
c ro p  o r  p a s t u r e  legumes r e s u l t s  in t h e  co n v e rs io n  o f  a tm osp h e r ic  
to  p l a n t  N,  w h ich  e v e n t u a l l y  becomes in c o rp o ra te d  in to  the  soil 
o r g a n i c  m a t t e r  t h r o u g h  p la n t  dea th  and deca y ,  o r  v ia  t h e  g r a z in g  
animal in t h e  fo rm  o f  d u n g  and u r i n e  (S im pson  1976; D o b e re in e r  and 
Campel lo 1977; M u ld e r  e t  aL  1977; Franco  1978; Hamdi 1982).  
H o w e v e r ,  a d d i t i o n s  o f  b i o l o g i c a l l y - f i x e d  N f rom  c ro p  legumes are 
i n s u f f i c i e n t  to  p r o v id e  enough  p r o te in  N to meet  w o r ld  demands 
(S u b b a  Rao 1977).  S im i l a r l y ,  N de f ic ienc ies  s t i l l  o c c u r  in 
l e g u m e -g ra s s  p a s tu r e s  ( M u ld e r  et  aL  1977; Bal l  e t  a]_, 1978; Steele 
and Shannon  1982) .  F u r t h e r m o r e ,  Bal l  (1979) fo u n d  t h a t  i n t e n s i v e l y  
g razed  p a s tu r e  sys tems w i t h  a c t i v e  N ^ - f i x i n g  c lo v e rs  had a ne t  loss 
in to ta l  soil N o f  70-120 kg N ha ^ y r  \  T h u s ,  Pos tgate  (1980) noted 
t h a t  i t  is “ p r o b a b l y  o b l i g a t o r y  d u r i n g  the  n e x t  c e n t u r y "  to  inc rease  
th e  e x p lo i t a t i o n  o f  b io log ica l  f i x a t i o n  in a g r i c u l t u r e .  T h i s  comment  
was based on th e  in c re a s in g  c o n c e rn  a b o u t  the  esca la t ing  co s ts ,  in 
e n e r g y  and e n v i ro n m e n ta l  p o l l u t i o n ,  i n c u r r e d  in the  p r o d u c t i o n  and 
use of  n i t r o g e n o u s  f e r t i l i z e r s .
Inc reased  f i x a t i o n  b y  l e g u m e - r h i z o b iu m  assoc ia t ions  can o c c u r  
w i t h  more e f f i c i e n t  h o s t - s t r a i n  com b ina t ions  ( M u ld e r  et  aL  1977) and 
b y  ov e rc om ing  l im i ta t io n s  to legume g r o w t h  and f i x a t i o n  f ro m  
n u t r i e n t  d e f i c i e n c ie s  in t h e  soil (G ib so n  1977).  H o w e ve r ,  be fo re  i t  is 
poss ib le  to in c rease  f i x a t i o n ,  i t  is essen t ia l  to  be able to  measure
f i x a t i o n  a c c u r a t e l y  in the  f i e l d .  O n l y  the n  wi l l  i t  be poss ib le  to 
f u l l y  u n d e r s t a n d  th e  in f lu e n c e s  o f  e n v i ro n m e n ta l  and management  
p ra c t i c e s  on f i x a t i o n .
3Numerous methods have been used  to estimate fixation by
legumes in the  field,  bu t  th e re  is a problem of d is t ingu ish ing  between
biologically fixed N and t h a t  a bso rbed  from the  soil. The most
15promising methods involve the  use  of the  s table  isotope of N, N
(Jansson  1971; Hauck and Bremner 1976). In p a r t i cu la r ,  two
15methods util ising e i the r  na tura l  or art if icial enr ichment of N in soils
have been used bu t  the  accu racy  and reliabil i ty of the se  methods
have  not been adequate ly  eva lua ted .
Experiments were th e re fo re  u n d e r t a k e n  between 1981 and 1984 to
examine the  validity of the  basic  assumptions  which are  implicit and 
15explic it  in the  N methods for measurement  of f ixation.  Detailed
s tud ies  were conducted  u n d e r  g la sshouse  conditions and more general
15s tud ies  on the  application of th e  N methods were made in the  field 
on p a s tu r e s  contain ing nodula ted  s u b te r r a n e a n  clover  ( Trifolium 
sut^ferraneum L.)  or lucerne  (Medicago sa tiva  L. ) .
4CHAPTER 2
REVIEW OF LITERATURE : METHODS FOR ESTIMATING N2 
FIXATION BY LEGUMES IN THE FIELD
2.1 I n troduction
The estimation of N2 fixation has often been made by growing 
legumes in an artificial N-free  medium (D a r t  and Day 1971; Lie 1971; 
Nutman et  aL 1971; Oghoghorie  and Pate 1971). Under the se
condit ions ,  determination of total plant N is all t h a t  is requ i red  for an 
a ssessm ent  of N2 fixed . However,  in the  field,  legumes have access  
to inorganic  soil N in addit ion to atmospher ic  N2 and th e re  is an 
inverse  rela tionship  between the  amount of N fixed and the  amount of 
soil N assimilated (McAuliffe et  aL 1958; Alios and Bartholomew 
1959). The amount of soil N available for up tak e  by th e  legume
var ies  with time due  to the  cycling of N between the  soil pools which
v a ry  in th e i r  availabil i ty to p lants  ( Jansson  1971). Within
legume-grass  p a s t u r e s ,  th e  associated g ra s se s  compete with the
legume for the  available soil N and consequen t ly  less soil N is 
assimilated by the  legume. This  genera l ly  r e su l t s  in a high
proportion of legume N being fixed from atmospher ic  N2 (Walker e t  aL 
1956). The amount of growth  and N2 fixation by legumes is also
affected by competition from g ra s s e s  for l ight,  mois ture and soil 
n u t r i en t s  o the r  than  N (Donald 1963; Haynes 1980). T h u s ,  t h e re  
are  numerous fac to rs  in the  field ecosystem which in te rac t  to 
de termine the  level of N2 fixation by legumes,  making the  estimation
of N2 fixation difficul t .
bIn the  p a s t ,  N balance and ace ty lene  reduction have been the
main methods used to estimate fixation by legumes in the  field bu t
d u r in g  the  pas t  seven years  th e r e  has been an increase  in the  use  of 
15 N methods .  Estimates of fixation by p a s tu r e  legumes in the  
field using the se  methods are  given in Table 2 .1 .  A large varia tion 
in estimates is a p p a r e n t ,  p resumably  due  to d i f ferences  in legume 
species ,  environment ,  soil, management and possibly method of 
measurement.
This review d iscusses  the  var ious  ind irec t  and d i rec t  methods
which have been used for estimating fixation by legumes in the
field,  with special emphasis on the  estimation of f ixation by
15p a s tu r e  legumes.  In p a r t icu la r  the  N methods are  desc r ibed  and 
any  assumptions  associated with th e i r  use are  d iscussed  in detai l .
2.2  Indirec t  Methods
2.2.1 Ureide method
The f i r s t  s table  f ree  p ro d u c t  of fixation in all legume nodules 
is ammonia and this is assimilated to glutamine and glu tamate  
(reviewed by B ergersen  1982). These  p ro d u c ts  unde rgo  f u r t h e r  
assimilation in the  nodule before  t rans location  to o the r  p lant p a r t s .  
T he re  are  two broad g ro u p s  of p lants  which di f fer  in th e i r  
transloca tion p ro d u c t s ,  viz. those  in which N is t rans loca ted  
predominantly  as amides,  such as a sp a rag in e ,  and those  in which the  
major t rans location p ro d u c t  is ure ide-N (allantoin + allantoic ac id ) .  
In the  la t te r  g r o u p ,  the  production  of u re ides  has been found to be 
specific to the  nodule t i s su e  (Matsumoto et aL 1977). T h e re fo re ,  the  
level of ure ide-N being t rans loca ted  d ecreases  as the  propor t ion  of 
legume N obta ined from soil inorganic  N increases  and it has  been
6T a b le  2 .1 .  Est im ates  of N2 f ix a t io n  by  p a s t u r e  legum es in t h e  f ie ld .
M easurem en t Legume
-1 -1kq N f ix ed  ha y r
te c h n iq u e Mean Range
U . S . A .
Williams e t  a l . 1977 A -v a lu e s u b .  c lo v e r 93
West a n d  Wedin 1981 15N -ID 1 l u c e r n e 0 70 33-104
Heichel e t  aL 1981b 15n - id lu c e rn e 165 159-171
15n - id re d  c lo v e r^ 109 98-119
C an ad a
8a ls ike  c lo v e rRice 1980 A. R . 2 61 8-143
A . R . re d  c lo v e r 35 6- 77
U nited  Kingdom
Cowling 1961
3 4LN + TN
9
w h i te  c lo v e r 185 74-280
Halliday and  Pa te  1976 A . R . w hite  c lo v e r 268 246-311
Nutm an 1976 N d i f f e r e n c e lu c e rn e 225 90-342
New Z ealand
S e a r s  e t  a l . 1965 LN + A soil N white  c lo v e r 477 332-609
B ro c k  1973 LN + A soil N w hite  c lo v e r 486 402-570
LN + A soil N su c k l in g  c lo v e r 10 230 196-264
LN + A soil N Lotus p e d u n c u l a t u s 502 412-591
Edmeades an d  Goh 1978 15n - id w hite  c lo v e r 92 45-142
H oglund  e t  aL 1979 AR white  c lo v e r 185 85-342
A u s t r a l ia
L ap ins  a n d  Watson 1970 LN s u b .  c lo v e r 161
Sim pson e t  aL  1974 A soil N s u b .  c lo v e r 51 29- 68
Sim pson  1976 A soil N s u b .  c lo v e r 159
A soil N white  c lo v e r 483
A soil N lu c e rn e 322
J o h a n s e n  and  K e r r id g e  1979 LN + TN tro p ic a l  s p e c i e s 11 102 51-137
1 Iso tope  d i lu t io n ;  ^A ce ty len e  r e d u c t io n ;  °T o ta l  legume N; ^ T r a n s f e r r e d  N2 from legume to  g r a s s ;
rifolium s u b te r r a n e u m  L . ;  °Medicago s a t iv a  L . ;  ^ T . p r a t e n s e  L . ;  ^ T . h y b r id u m  L . ;  T . r e p e n s  L. ;  
10T .  du b iu m  S i b t h . ;  11Desmodium i n t o r t u m , Glyc ine  w ig h t i i , Lotononis  b a rn se i i  and  Macroptil ium
a t r o p u r p u r e u m .
7suggested th a t  the re la t ive  u re ide  con ten t [u re id e -N / (u re id e -N  + 
n i t r a te - N ) ]  o f the  xylem sap may be used to ind ica te  the p ro p o r t io n  
o f f ix e d  by  th is  p a r t ic u la r  g ro u p  of legumes (M cC lure  et aL 1980; 
H e rr id g e  1982b ).
T h is  method is limited to  those legumes th a t  produce ure ides and 
th e y  are la rg e ly  the crop legumes e .g .  soybeans ( G lyc ine max [ L . ]  
M e r r . )  and cowpeas ( Vigna ungu icu la ta  [ L . ] Walp. )(McNeil 1982). In 
the  main p as tu re  legumes, e .g .  c love r  species and lucerne , amides 
are the p redom inan t p rodu c ts  trans loca ted  from root nodules (A tk in s  
1982) and th e re fo re  th is  method cannot be used fo r  estimating 
f ix a t io n  by  these p lan t species.
T h is  is an in d ire c t  method fo r  estim ating f ix a t io n  because i t
is necessary to estab lish  a re la t ionsh ip  between the re la t ive  ure ide
con ten t o f the  legume and the  p ro p o r t io n  o f legume N obta ined from
2atmospheric  N^. H e rr id ge  (1982a) obta ined a h igh co rre la t ion  (R -  
0 .9 )  between the  re la t ive  level o f ure ides and the p ro p o r t io n  of N 
f ix e d  from the  atmosphere, fo r  soybeans grown in sand c u l tu re .  
However, he found  th a t  th is  re la t ionsh ip  changed w ith  p lan t  age, 
making i t  necessary to es tab lish  s tandard  cu rves  w ith  time or to take 
re g u la r  samples th ro u g h o u t  the g ro w th  period of the p lan t.
McClure et aL (1980) e x tra c te d  ure ides from the xylem sap of 
soybeans by  a roo t-b leed ing  techn ique . However, th is  sampling 
p rocedure  is not p rac t ica l in f ie ld  stud ies because of the d i f f i c u l t y  in 
co l lec t ing  sap from unw atered p lan ts  (H e r r id g e  1982a). Ins tead, 
H e rr id g e  (1982a ,b ) obta ined u re ide  samples from p lan t leaf e x t ra c ts .  
In both e x tra c t io n  techn iques  i t  must be assumed th a t  the samples are 
re p re s e n ta t iv e  o f the whole p lan t .
8A l th o u g h  th e  u re id e  method is u se fu l f o r  q u a l i ta t iv e  p u rp o s e s ,  
LaRue and P a tte rso n  (1981) co n s id e re d  t h a t  th is  method is u n l ik e ly  to  
be o f  use f o r  q u a n t i ta t iv e  e s t im a tion  o f  f ix a t io n  b y  legum es.
N e v e r th e le s s ,  th e  u re id e  method has re c e n t ly  been used w ith  some 
success f o r  es t im a tion  o f  f i x a t io n  b y  i r r ig a te d  soybeans in
A u s t ra l ia  ( H e r r id g e  e t ah 1984).
2 .2 .2  A c e ty le n e  re d u c t io n  method
E a r ly  w o rk  revea led  t h a t  th e  n i t ro g e n a s e  enzyme in v o lv e d  in the  
re d u c t io n  o f a tm o sp h e r ic  to  NH^ w il l  a lso ca ta lyse  th e  re d u c t io n  o f  
a ce ty le n e  (C ^ H ^ )  to  e th y le n e  (C ^ H ^ )  (K o c h  and Evans 1966; H a rd y  
e t ah  1968). T h is  led to  th e  a ce ty le n e  re d u c t io n  m e thod , w h ich  
g e n e ra l ly  in v o lv e s  e n c lo s u re  o f th e  legume in a sealed c o n ta in e r  and 
th e  a d d i t io n  o f  C^H.-, a c o n c e n t r a t 'on ° f  0-05 to 0 .10 b a rs .  A t  th is  
level th e  re d u c t io n  o f  b y  th e  n i t ro g e n a s e  enzyme is co m p le te ly  
in h ib i te d  and ins tead  th e  enzym e c o n v e r ts  C ^H ^ C2 H4 ^ Har<^V anc* 
Ho ls ten  1977). A f t e r  a f ix e d  p e r io d  o f  in c u b a t io n ,  gas samples are  
co l le c ted  and ana lysed  f o r  C ^H ^ b y  gas c h ro m a to g ra p h y  ( H a r d y  e t aL  
1968; H ave lka  e t aL  1982). T h e re  has been w id e sp rea d  use o f th e  
ace ty lene  re d u c t io n  m ethod d u r in g  th e  p a s t  20 ye a rs  due to  i ts  
r a p id i t y ,  s im p l ic i t y ,  h ig h  s e n s i t i v i t y  and low e q u ip m e n t  and re s o u rc e  
costs  ( T u r n e r  and G ibson 1980).
T he  ace ty lene  re d u c t io n  method is an in d i r e c t  method o f  
m e a su r ing  f ix a t io n  and a c o n v e rs io n  f a c to r  m us t be used to  re la te  
th e  moles o f C^H ^ re<^uced to  th e  moles o f  f i x e d .  T h e  th e o re t ic a l
c o n v e rs io n  fa c to r  is 3:1 because s ix  e le c tro n s  are re q u i r e d  
to  reduce  to  NH^ w hereas  o n ly  tw o  e le c t ro n s  a re  used f o r  th e
re d u c t io n  o f  C^H ^ t0  C 2H4 ‘ H o w e v e r ,  m easurem ents  o f  the  
co n v e rs io n  ra t io  have ra n g e d  fro m  1 .5 :1  to  25:1 ( H a r d y  e t aL 1973).
9The  n i t ro g en ase  enzyme is also capable  of reduc ing  H+ to H^, and 
var iab i l i ty  in th e  production of du r ing  fixation is considered  to 
be a major fac to r  affect ing the  C^H^/N^ conversion ratio (Havelka et 
aL 1982).  Hydrogen production is inhibited by an<  ^ th e re fo re
d u r in g  an ace ty lene  reduction assay  the  e lec trons  normally involved in 
H^ product ion  a re  red i rec ted  to reduce  C^H^ to C^H^ ( S c h u b e r t  and 
Evans 1976). T h u s  it has been s t rong ly  recommended th a t  s tud ies  
with C^H^ reduction  also involve s tud ies  to determine the  t r u e  
C ^ H ^ / ^  convers ion  ratio (H a rdy  and Holsten 1977).
A fundamental  assumption of th is  method is t h a t  the  ra te  of 
n i t rogenase  ac t iv i ty  is not af fected  by the  change  in s u b s t r a t e  from 
to C^H^ or the  change  in e n d - p r o d u c t  from NH^ to C^H^. Minchin 
e t  aL (1983) found th is  assumption to be false for a range of legume 
species  and a ssay  conditions .  They  measured a large decline in 
n i t rogenase  ac t iv i ty  within a few minutes of exposu re  to C^H^ and 
assoc iated th is  with a c o n c u r r e n t  decline in root resp ira t ion .
The  appl ication of th e  ace ty lene  reduction method in the  field 
has  commonly involved assay ing  samples of nodules ,  roots or whole 
p lan ts  in g a s - t i g h t  vesse ls  (Havelka et  aL 1982), a l though some 
continuous  flow m situ t e chn iques  have been used (Hardy  et  aL 
1977). In white clover p a s t u r e s ,  Sinclair  et  aL (1976) and Goh et  aL 
(1978) found t h a t  the  b e s t  sampling method was to collect many small 
soil cores  for each a ssay  vessel  b u t  they  still found th a t  variabil i ty  
was large due  to i r r e g u la r  spatial  d is t r ibu t ion  of fixation in the
f ie ld .
In apply ing the  ace ty lene  reduction method in the  field it is 
assumed th a t  all of the  C^H^ has been der ived  from the  reduction of
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b y  N ^ - f i x in g  b a c te r ia .  M any soil sys tem s p ro d u c e  (S m ith  1976) 
and o x id iz e  ( C o r n f o r t h  1975) C ^H ^ anc* s shou ld  be a llowed f o r  in
th e  c a lc u la t io n  o f  th e  am ount o f  N f i x e d .  A c o n t ro l  t r e a tm e n t  w i th o u t  
is com m only used to  assess th e  n e t  endogenous p ro d u c t io n  o f 
C ^H ^ .  H o w e v e r ,  th e  a d d i t io n  o f  C ^H ^ b lo cks  th e  o x id a t io n  o f  C ^H ^ 
c a u s in g  an a ccum u la t ion  o f  C ^H ^ fro m  endogenous sources  as well as 
f ro m  C ^H ^ re d u c t io n  and th e re fo re  f ix a t io n  is o v e re s t im a te d  (W i t ty  
1979). S ince  endogenous  p ro d u c t io n  o f  C ^H ^ ’n S0‘ * ’ s sma^ '  t h is  W>H 
o n ly  be im p o r ta n t  a t low ra tes  o f  n i t ro g e n a s e  a c t i v i t y .
T h e  p e r io d  o f  in c u b a t io n  o f  samples w ith  ^ 2 ^ 2  ' s 'mPo r ta n t  ' n 
o b ta in in g  a v a l id  es tim a te  o f f i x a t i o n .  T h is  m us t be s u f f i c i e n t  to  
a llow th e  C ^H ^ to  e q u i l ib r a te  in th e  assay vessel b u t  no t  long enough  
to  d e p re s s  th e  ra te  o f  C ^H ^  p ro d u c t io n  (Goh e t aL  1978). In the  
f ie ld ,  in c u b a t io n  p e r io d s  o f  30 m in u tes  to  tw o  h o u rs  have  commonly 
been used (H a l l id a y  and Pate 1976; S in c la i r  e t aL  1976). H o w e ve r ,  
th e  ra te  o f  C ^H ^ p ro d u c t io n  is s u b je c t  to  m arked  d iu r n a l ,  d a y - to - d a y  
and seasonal v a r ia t io n s  (H a l l id a y  and Pate 1976; S in c la i r  e t  aL  1976; 
E c k a r t  and Raguse 1980; Rice 1980). T h is  makes i t  n ec e s s a ry  to  
in te g ra te  num erous  s h o r t - te r m  m easurem ents  and f o r  t h is  reason 
H a l l id a y  and Pate (1976 ) and Goh e t  a L  (1978) co nc lud e d  th a t  th e  
C ^H ^ re d u c t io n  m ethod is u n s u i ta b le  f o r  lo n g - te rm  q u a n t i ta t i v e  
e s t im a tion  o f  f i x a t io n  b y  p a s tu re  legumes in th e  f ie ld .  H o w e ve r ,
i t  can be a u se fu l m ethod f o r  m ak ing  s h o r t  te rm  com par isons  between 
t re a tm e n ts  ( e . g .  L e d g a rd  and S a u n d e rs  1982).
2 .2 .3  Response b y  n on - le g um es
F ix a t io n  o f  has also been es tim a ted  b y  tw o  in d i r e c t  m ethods 
in v o lv in g  m easurem en t o f  th e  response  b y  n o n - le g um es  to the  
p resence  o f  legum es. In one m e thod , th e  inc rease  in N y ie ld  o f th e
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non - le g um e  is measured  and in t h e  o t h e r ,  t h i s  response  is compared  
to  t h a t  o f  the  n on - legum e  g ro w n  w i t h  a ra nge  o f  ra tes  o f  N f e r t i l i z e r .  
In these  methods th e  n on - legum e  may be g ro w n  w i t h ,  o r  s u b s e q u e n t  
to the  g r o w t h  o f ,  a legume.
T hese  methods o b v i o u s l y  do no t  measure  f i x a t i o n  d i r e c t l y  b u t  
p r o v id e  a measure  o f  the  e f f e c t  o f  legume g r o w t h  on the  c o n c u r r e n t  
o r  s u b s e q u e n t  N accum ula t ion  b y  a n on - le g u m e .  T h u s ,  t h e y  o n l y  
es t imate  f i x e d  w h ich  has been t r a n s f e r r e d  to t h e  non - le g um e  and 
no t  t h a t  wh ich  has been in c o r p o r a te d  in to  t h e  s lo w ly - a v a i l a b le  soil 
o r g a n ic  m a t te r  o r  lost  f ro m  th e  p la n t / s o i l  sys tem b y  le a ch in g ,  
d e n i t r i f i c a t i o n ,  v o la t i l i z a t i o n  and e ros ion .
2 .2 . 3 .1  Inc rease  in n i t r o g e n  y ie ld  b y  non - legum es
With c rop  legumes,  f i x a t i o n  can be es t imated b y  m e a su r ing
the  amount  o f  N assim i la ted  b y  a n on - le g um e  fo l lo w in g  a p e r iod  o f  
g r o w t h  b y  a legume, and com par ing  t h i s  w i th  the  amount  o f  N 
assimi lated b y  the  n on - le g um e  fo l lo w in g  a c o n t r o l .  T h i s  c o n t ro l  is 
e i t h e r  a non - le g um e  o r  ba re  soil ( f a l l o w )  and is managed s e p a ra te l y  
and c o n c u r r e n t l y  to  the  legume. With t h i s  m e thod ,  A s k in  e t  aL
(1982) measured 73% h i g h e r  whea t  ( T r i t i c u m  aes t ivum  L . )  y ie ld s  when 
g ro w n  s u b s e q u e n t  to  severa l  g r a in  legumes th a n  when g ro w n  a f t e r  a 
co n t ro l  c ro p  o f  b a r l e y  ( Hordeum v u lg a r e  L . ) .  A major  p rob le m w i t h  
t h i s  method u t i l i s i n g  a c ro p  g ro w n  s u b s e q u e n t  to the  legume is t h a t  
the  soil N s ta tu s  shou ld  remain u n c h a n g e d  d u r i n g  th e  g r o w t h  o f  the  
co n t ro l  and t h i s  is v i r t u a l l y  im poss ib le  to ach ieve .  A c c u r a t e  
es t imat ion  o f  f i x a t i o n  b y  t h i s  method also dep e nd s  on all o f  t h e  
f i x e d  be ing  assim i la ted  b y  th e  n o n - le g u m e .  H o w e v e r ,  Ladd et  aL
(1983) fo u n d  t h a t  less tha n  30% o f  t h e  N in Medicago l i t t o r a l i s  ma ter ia l  
i n c o rp o ra te d  in to  t h e  soil was re c o v e re d  b y  two success ive  c ro p s  o f
whea t .
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W ith p a s tu re  legum es, f ix a t io n  can also be es tim a ted  b y
g ro w in g  th e  n on - le g um e  in assoc ia t ion  w i th  th e  legum e, t h e r e b y
e s t im a t in g  a more d i r e c t  e f fe c t  o f  f i x a t io n  b y  th e  legume and n o t a
s u b s e q u e n t  e f fe c t  o f  a p e r io d  o f  g ro w th  b y  th e  legum e. In u s in g  th is
m e tho d , H e r r io t  and Wells (1960) fo u n d  t h a t  th e  a ve rage  ra te  o f  N
accum u la t io n  b y  r y e g ra s s  ( Lolium p e ren n e  L . )  and co c k s fo o t  ( D a c ty l is
-1 -1g lom era ta  L . )  was 88 and 71 kg N ha y r  h ig h e r  when g ro w n  w ith  
w h i te  c lo v e r  th a n  when th e y  w e re  g ro w n  a lone. S im i la r ly ,  S impson 
(1976) fo u n d  th a t  th e  t r a n s f e r  o f  N from  w h ite  c lo v e r  to  co c k s fo o t
- ' l
was 88 kg N ha o v e r  a th re e  y e a r  p e r io d ,  b u t  th is  was small
com pared  w i th  th e  in c re ase  in soil N (0 -1 0  cm) due  to  w h ite  c lo v e r  o f
483 kg N ha ^ . H ays tead  and M a r r io t t  (1978) also fo u n d  t h a t  th e
es tim a te  o f  f i x a t io n  b y  m easurem ent o f  th e  d i r e c t  t r a n s f e r  o f  N
f ro m  w h ite  c lo v e r  to  ry e g ra s s  was v e r y  small (< 6% o f  th e  to ta l )
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com pared  w i th  t h a t  u s in g  to ta l  N accum u la t ion  (s e c t io n  2 .3 .1 )  o r  N 
iso tope  d i lu t io n  (s e c t io n  2 .4 . 3 )  te c h n iq u e s .
2 .2 . 3 .2  N i t ro g e n  f e r t i l i z e r  e qu iva le n ce  
W ith t h is  method th e  am oun t o f  N f ix e d  b y  the  legume is 
es t im a ted  in d i r e c t l y  b y  assess ing  th e  am oun t o f  f e r t i l i z e r  N r e q u i r e d  
to  p ro d u c e  th e  same g ro w th  response  b y  a non - le g um e  to  th e  
p resence  o f  a legum e. In th e  case o f  c ro p  legum es, th is  u s u a l ly  
in v o lv e s  th e  g ro w th  o f  a n o n - le g u m e  s u b s e q u e n t  to  a p e r io d  o f  g ro w th  
b y  th e  legum e. For exam p le ,  K ro o n t je  and K e h r  (1956) es t im a ted  th a t  
th e  am ount o f  N f ix e d  b y  a v e tc h  ( V ic ia  v i l lo sa  L . )  c ro p  was 107 kg 
N ha b y  co m p a r in g  th e  response  o f  b a r le y  to  th e  v e tc h  c ro p  and to  
a d d i t io n s  o f  ammonium n i t r a te .
W ith p a s tu re  legum es, f ix a t io n  is es tim a ted  from  the  response  
to  N f e r t i l i z e r  b y  g ra s s  g ro w n  in a p u re  s tand  in com par ison  to  th e
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yield of g r a s s  grown with a legume. In th is  way, Wagner (1954)
found t h a t  the  amount of N t r a n s f e r r e d  from white clover to cocksfoot
-1
ove r  a two year  period was equ iva len t  to 142 kg fert i l izer N ha 
-1y r  . Similarly,  Cowling (1961) found th a t  the  effect  of white clover 
on cocksfoot growth  was equ iva len t  to t h a t  w here  83 kg N ha was 
applied as n i t rocha lk .  This is h ig h e r  th an  his estimate of f ixation 
of 68 kg N ha based on the  increase  in N yield by cocksfoot grown 
with white clover than  for cocksfoot grown alone (section 2 . 2 . 3 . 1 ) .
When th is  method is used  it is assumed t h a t  the  r e sponse  by 
non- legumes  to fe r t i l ize r  N can be compared with t h a t  from N re leased 
from decomposing legume t i s su e .  This is unlike ly  because losses of 
fe r t i l ize r  N from the  soil will p robab ly  exceed those  from legume N, 
due  to all of the  fe r t i l ize r  N being in the  soluble  form and being 
added in one large applicat ion.  In c o n t r a s t ,  with legume N th e re  is a 
slow continuous  re lease  of p lan t-avai lab le  N with time due to microbial 
decomposition and th is  is more likely to maintain the  ra te  of N 
assimilated by the  non- legume than  with fe r t i l ize r  N. The g r e a t e r  
loss of fe r t i l ize r  N th an  legume N would cause  an overest imat ion of 
f ix a t io n .
2.3  Direct  methods
2.3 .1  Total n i t rogen  accumulation
The simplest ,  bu t  not the  most a cc u ra te  method of estimating 
fixation is to measure  the  total N accumulated by the  legume du r in g  
its growing period.  When th is  method is used  it is assumed th a t  the  
legume obta ins  all of its N by symbiotic f ixa t ion .  This  is unlikely  to 
be the  case  when the  legume has access  to soil N (McAuliffe e t  aL 
1958). Also th is  method does not include fixed th a t  has been
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re leased in to  th e  soil b y  dea th  and decay o f legume m a te r ia l d u r in g  
th e  g ro w th  p e r io d .
Im p ro v e d  es tim ates o f  f i x a t io n  have been o b ta in e d  b y
a n a ly s in g  th e  soil and h e rb a g e  N changes o v e r  t im e (S e a rs  e t aL  
1965; A gboo la  and Fayemi 1972; B ro c k  1973). H o w e ve r ,  i t  is
d i f f i c u l t  to  o b ta in  an a ccu ra te  es tim a te  o f  changes  in soil N because
th e  changes  are  g e n e ra l ly  small re la t iv e  to  th e  am ount o f  to ta l  N
p re s e n t  in so i ls .  For exam ple , a 5% e r r o r  in th e  e s t im a tion  o f  to ta l  
soil N in  th e  s tu d y  b y  B ro c k  (1973) was e q u iv a le n t  to  160 kg N ha 
o r  a p p ro x im a te ly  t w o - t h i r d s  o f  th e  annua l es tim ate  o f  N f ix e d  b y
s u c k l in g  c lo v e r .  T h e  a c c u ra c y  can be im p ro ve d  b y  c o l le c t in g  a la rg e  
n u m b e r  o f  samples o r  b y  m e a su r ing  th e  changes o v e r  a long p e r iod  
(Goh e t aL  1978). T h u s ,  f ix a t io n  s tu d ie s  in v o lv in g  m easurem ent 
o f  changes  in legume + soil N w i th  t im e have  commonly las ted  severa l 
y e a rs  ( B r o c k  1973; S impson 1976).
N i t ro g e n  ba lance te c h n iq u e s  have  also been em ployed to
d e te rm in e  f ix a t io n  (G re e n la n d  1977; Know les 1980; H e r r id g e
1982c). T h ese  te c h n iq u e s  re q u i r e  th e  q u a n t i f i c a t io n  o f  all o th e r
in p u ts  and o u tp u ts  o f  N and may be sum m arised  in th e  fo l lo w in g
e qu a tion  (G re e n la n d  1977; H e r r id g e  1982c):
F. = AN + C + L + V + E -  F.. -  M - A - DR (1 )L N
w h e re  F^ = ra te  o f  s y m b io t ic  N^ f i x a t i o n ;
AN = change  in  to ta l  soil N w ith  t im e ;
C = h a rv e s te d  legume N ( g r a in  and v e g e ta t io n ) ;
L = N los t t h r o u g h  le a c h in g ;
V = gaseous losses o f  N b y  d e n i t r i f i c a t io n ,  b u r n in g  and
ammonia v o la t i l i z a t io n ;
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E = N removed w i t h  e ro ded  so i l ;
= ra te  o f  n o n - s y m b io t i c  f i x a t i o n ;
M = N added in f e r t i l i z e r s ,  seed and m anures ;
A = N added v ia  ammonia a b s o r p t i o n  b y  p la n ts ;  and 
DR = N added in d u s t  and r a i n f a l l .
T h e  te rm s  E, F ^ ,  M, A and DR are  u s u a l l y  small and have o f ten  been 
om it ted  in N balance  s tud ie s  ( G re e n la n d  1977).
With N balance  s tud ie s  on l e g u m e /g ra s s  p a s tu r e s ,  a te rm  f o r  the
f i x e d  o f  the  legume t h a t  has been t r a n s f e r r e d  to the  associated
g ra s s  (see sec t ion  2 . 2 . 3 . 1 )  shou ld  also be added to the  r i g h t - h a n d
side o f  e qua t ion  1. In a N balance s t u d y  in the  f i e l d ,  Simpson (1976)
g r e w  s u b te r r a n e a n  c l o v e r ,  w h i te  c lo v e r  and lu c e rn e ,  each in
associa t ion  w i t h  c o c k s fo o t ,  and es t imated  t h a t  t h e  amount  o f  N f i x e d
-1
o v e r  a t h r e e  y e a r  p e r io d  was 741, 1422 and 1532 kg N ha
r e s p e c t i v e l y  b y  m e a su r ing  the  amoun t  o f  N removed in the  legume 
t o p s ,  the  inc rease  in soi l  N (0 -100  mm) and the  N t r a n s f e r r e d  f rom 
th e  legume to  t h e  assoc ia ted g r a s s .  No a l lowance was made f o r  N 
t h a t  was los t  f ro m  th e  p l a n t / s o i l  sys tem d u r i n g  t h i s  s t u d y .  In f a c t ,  
t h e r e  have been no N balance  s tu d ie s  made on p a s tu r e  legumes wh ich  
have in c lu de d  all o f  the  components  o f  equ a t ion  1, a l t h o u g h  in d i v id u a l  
components  have  been examined in d e ta i l .  T h e  a c c u r a c y  o f  the  N 
balance t e c h n iq u e  wi l l  be g o v e rn e d  b y  t h e  a c c u r a c y  in m easu r ing  each 
o f  the  components  o f  t h e  sys tem .
T h e  ma jo r  a ssum pt ion  in e s t im a t in g  f i x a t i o n  b y  all to ta l  N
accum ula t ion  m e thods ,  i n c l u d i n g  N ba lance ,  is t h a t  the  legume d e r i v e s  
all o f  i t s  N f ro m  a tm o s p h e r i c  N^.  T h i s  is g e n e r a l l y  i n c o r r e c t  u n d e r  
f i e ld  c o n d i t i o n s  because legumes wi l l  also u t i l i z e  p la n t - a v a i l a b le  soil N 
(Domenach et  al .  1979; Kohl e t  a l .  1980).
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2 .3 .2  D if fe re n c e  m ethods
T h e  to ta l  N accum u la t ion  m ethods can be im p roved  b y  e s t im a t in g
th e  c o n t r ib u t io n  o f  soil N to  th e  to ta l  N ass im ila ted  b y  th e  legume and
c o r r e c t in g  th e  es tim a te  o f  N f ix e d  a c c o r d in g ly .  T h is  c o n t r ib u t io n  has
been assessed b y  g ro w in g  a n o n - N ^ - f i x in g  re fe re n c e  p la n t  in th e  same
soil as t h a t  o f  th e  ^ " f i x i n g  legum e. I t  is assumed th a t  th e  legume
and re fe re n c e  p la n t  ass im ila te  th e  same am ount o f  soil N d u r in g  th e
m easurem en t p e r iod  (B e l l  and Nutman 1971; V es t 1981) and t h a t  th e
am oun t o f  N f ix e d  b y  th e  legume can be es tim ated  from  th e  e q u a t io n ,
N f ix e d  b y  legume = T o ta l N. - T o ta l N _ . • (2 )legume re fe re n c e  p la n t
T h is  p ro c e d u re  is r e fe r r e d  to  as th e  d i f fe re n c e  method (W ill iams e t aL  
1977). T h re e  d is t in c t  v e rs io n s  o f  th is  method have been used to
p ro v id e  a c o r re c t io n  f o r  th e  soil N ass im ila ted  b y  th e  legume. T hese  
d i f f e r e n t  v e rs io n s  a r ise  th r o u g h  th e  cho ice  o f  th e  non -N  ^ - f i x i n g  
re fe re n c e  p la n t  w h ich  a re  i )  a n o n -n o d u la te d  legum e, i i )  an
u n in o c u la te d  legum e, and i i i )  a n o n - le g u m e .
2 .3 .2 .1  L e g u m e /n o n -n o d u la t in g  legume
N o n -n o d u la te d  legumes are  co n s id e re d  to  be th e  ideal re fe re n c e  
p la n t  f o r  th e  n o d u la te d  legume o f  th e  same species because i t  is
assumed th a t  th e y  have  th e  same g ro w th  p a t te r n s ,  ro o t  m o rp ho log ies  
and N u p ta k e  p a t te rn s  (V ose  e t aL  1982). T h e  tw o  p la n ts  a re
n o rm a l ly  g ro w n  c o n c u r r e n t ly  in se pa ra te  p lo ts .
Soybean g e n o ty p e s  w i th  a n o n -n o d u la t in g  t r a i t  have been iso la ted  
(W eber 1966), and a re c e n t  r e p o r t  (C h a lk  e t aL  1983) in d ic a te s  th a t  
n o n -n o d u la t in g  iso l ines  o f  some c u l t i v a r s  o f  p ea n u ts  ( A ra c h is  
hypogaea  L . )  and lu c e rn e  a re  now also a v a i la b le .  H ow eve r ,  i t  has
been fo u n d  th a t  the  ro o t  m o rp h o lo g ie s  o f  n od u la te d  and n o n -n o d u la te d  
soybeans d i f f e r  (W eber 1966; V es t 1971), and th a t  n od u la te d
soybeans  e x p lo re  a g r e a te r  soil vo lum e and e x t r a c t  more soil N th a n
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n o n - n o d u la t e d  soybeans (R u s c h e l  et  aL 1979).  T he  g r e a t e r  u p ta k e  of  
soil N b y  the  nodu la ted  soybeans  th a n  th e  n o n -n o d u la te d  soybeans  
r e s u l t s  in an o ve res t im a te  o f  f i x a t i o n  b y  th e  nodu la ted  soybeans .
2 . 3 . 2 . 2  L e g u m e /u n in o c u la te d  legume
An u n in o c u la te d  legume o f  the  same v a r i e t y  as the  N ^ - f i x i n g  
p la n t  can be used as a re fe r e n c e  p la n t  in the  same way as the  
n o n - n o d u la t i n g  legume (se c t io n  2 . 3 . 2 . 1 ) .  For  t h i s  method to w o r k  i t  
is n ec e s s a ry  t h a t  t h e  soil on w h ich  th e  legumes are g ro w n  shou ld  
con ta in  no rh izo b ium  species capab le  o f  e s ta b l i s h in g  an e f fe c t i v e  
N ^ - f i x i n g  sys tem w i th  t h e  legume. A l t e r n a t i v e l y ,  the  re fe re n c e  p lan t  
can be inocu la ted  w i th  an i n e f f e c t i v e  N ^ - f i x i n g  s t r a in  o f  rh izob ia  to 
minim ize nod u la t ion  b y  e f f e c t i v e  s t r a i n s .  In both  cases,  the  tes t  
legume is in ocu la ted  w i th  an e f f e c t i v e  N ^ - f i x i n g  rh izo b ium  s t r a i n ,  in a 
separa te  p lo t  to  the  re fe r e n c e  p la n t .  I t  is a p p a r e n t  t h a t  g r e a t  care 
m us t  be taken  to avoid  con tam ina t ion  o f  the  re fe re n c e  p lo ts .
These  methods have  been used in the  f ie ld  w i t h  c rop  (B e z d i c e k  
et  aL  1978; A m a rg e r  e t  aL  1979) and p a s tu re  (Be l l  and Nutman 
1971; Wi l l iams et  aL  1977) legumes b u t  t h e y  o b v i o u s l y  s u f f e r  f rom 
s im i la r  d ra w b a c k s  as t h e  method w h ich  employs  a n o n - n o d u la t i n g  
legume as the  re fe re n c e  p l a n t .  H o w e v e r ,  in c o n t r a s t  to the  f i n d i n g s  
o f  Ruschel  et  aL  (1979) t h a t  n o n - n o d u la te d  soybeans  abso rbed  less 
soil N tha n  nodu la ted  soybeans  (see sect ion  2 . 3 . 2 . 1 ) ,  A m a r g e r  e t  aL 
(1979) fo u n d  t h a t  u n in o c u la te d  soybeans  assim i lated more soil N than  
nod u la te d  soybeans .  T hese  re s u l t s  o f  A m a r g e r  et  aL  (1979) caused 
an u n d e re s t im a t io n  o f  f i x a t i o n  b y  the  nodu la ted  soybeans .
S im i l a r l y ,  Wi l l iams et  aL  (1977) measured  a 46% u n d e re s t im a t io n  of  
f i x a t i o n  b y  n odu la ted  s u b te r r a n e a n  c lo v e r  when u n ino c u la te d  
s u b te r r a n e a n  c lo v e r  was used as th e  re fe r e n c e  p la n t  due  to g r e a t e r  
ass im i la t ion  o f  soil N b y  t h e  u n in o c u la te d  p l a n t .
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A major d isadvan tage  with th is  method,  pa r t icu la r ly  with p a s tu r e  
legumes,  is the  inability to e n su r e  t h a t  the  soils a re  f ree  from 
effect ive  N^-fixing rhizobia ,  especially where  the  legumes are  
rout ine ly  grown (Bell and Nutman 1971).
2 .3 .2 .3  Legume/non-legume
Non-legumes can also be used as re fe rence  plants  and are  grown 
c o n cu r re n t ly  in s epa ra te  plots ad jacent  to the  crop legumes (R ichards  
and Soper  1979) or in the  same plot as th e  p a s tu r e  legumes (Wagner 
1954).  For th is  method to work it is essential  t h a t  the  legume and 
non-legume assimilate the  same amount of soil N even though th e re  
may be d i f ferences  in root morphologies,  growth p a t t e r n s ,  e tc.  It is 
also impor tant t h a t  the  N assimilated by the  non-legume comes from 
the  soil only i . e .  t h a t  t h e r e  is no fixation by f ree - l iv ing  bacteria  
assoc iated with the  non-legume (see  section 2 . 4 . 3 . 4 ) .
Richards  and Soper  (1979) found t h a t  bar ley  ex t rac ted  the  same 
amount of soil N as fababeans  ( Vicia faba L . ) ,  resu lt ing  in an 
accu ra te  estimate of f ixation by th is  method. In c o n t r a s t ,  Williams 
et  aL (1977) measured a 41% underest imat ion  of fixation by purp le  
ve tch  ( Vicia benghalens is  L . )  when ba r ley  was used as the  re fe rence  
p lan t ,  due to g r e a t e r  up take  of soil N by bar ley .
Bell and Nutman (1971) grew nodula ted  lucerne  and used several  
r e fe rence  plants  including uninocula ted  lucerne ,  lucerne inoculated 
with ineffective N^-fixing rhizobium and ry e g r a s s .  The found th a t  
r y e g r a s s  generally  assimilated a similar amount of soil N as 
nodu le - f ree  lucerne whereas  the  ineffectively nodulated lucerne often 
ex t ra c te d  more soil N. The  uninocula ted  lucerne  became contaminated 
by indigenous rhizobium th e r e b y  making it useless  as a re fe rence  
p lan t .  The major problem with the  N d if fe rence  methods ,  w he ther
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u s in g  n o n - n o d u la te d  legumes,  u n in o c u la te d  legumes o r  n on - le g um es  as 
r e fe r e n c e  p la n ts ,  is to e n s u re  t h a t  t h e  legume and r e fe r e n c e  p la n t  
ass im i la te  t h e  same amount  o f  soil N.
In r e v ie w in g  the  N d i f f e r e n c e  m e thods ,  H a r d y  and Hols ten (1977) 
no ted  t h a t  t h e y  g e n e r a l l y  u n d e re s t im a te  f i x a t i o n  s ince t h e  legume 
u t i l i z e s  less soil N tha n  the  re fe r e n c e  p l a n t .  F u r t h e r m o r e ,  t h e y  
c o nc lud e d  t h a t  t h e y  may n o t  even p r o v id e  a v a l id  r e la t i v e  compar ison  
o f  f i x a t i o n  between s i tes  o r  p la n t  v a r i e t i e s .
2 .4  methods
15
In c re a s in g  use is be ing  made o f  t h e  s tab le  i so tope ,  N,  in 
s tu d ie s  o f  f i x a t i o n  b y  legumes.  T h i s  iso tope  o c c u rs  in the
a tm osphe re  at  a c o n s ta n t  abu n da n ce  ( M a r i o t t i  1983) o f  0.3663 ± 0.0004
atoms % ( J u n k  and Svec  1958).  T h e  re m a in in g  N ( i . e .  99.6337%)
14 15 14o c c u rs  as N. A l t h o u g h  th e  chemical  p r o p e r t i e s  o f  N and N are
almost  id e n t i c a l ,  t h e  small d i f f e r e n c e s  in mass and a c t i v a t io n  ene rg ies
can cause changes  in the  iso top ic  compos i t ion  d u r i n g  N c y c l i n g  in the
soil (see sect ion 2 . 4 . 4 )  and as a consequence  th e  iso top ic  compos i t ion
o f  soil N is d i f f e r e n t  f ro m  t h a t  o f  a tm o s p h e r i c  N^- I t  is poss ib le  to
15use t h i s  d i f f e r e n c e  in n a tu ra l  abu n da n ce  o f  N between a tm osp h e r ic  
and soil N to es t imate  f i x a t i o n  b y  legumes ( A m a r g e r  et  aL 
1979; B e rg e rs e n  and T u r n e r  1983).  T h e  s e n s i t i v i t y  o f  t h i s  method 
can be inc reased  b y  a r t i f i c i a l l y  e n r i c h i n g  th e  a tm osphere  o r  soi l  w i th  
(H a u c k  and B re m n e r  1976; B e r g e rs e n  1980; Vose et  aL  1982). 
From a know ledge  o f  the  i so top ic  com pos i t io n  o f  N d e r i v e d  f ro m  the  
a tm osphere  and the  so i l ,  and the  m easu rem en t  o f  t h e  iso top ic  
compos i t ion  o f  t h e  legume N, an es t ima te  can be made o f  the  
p r o p o r t i o n  o f  legume N d e r i v e d  f rom  these  tw o  so u rces .
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15T h e  main fa c to rs  l im i t in g  th e  w id e sp rea d  use o f  N te c h n iq u e s
1 Sf o r  m e a su r ing  N2 f ix a t io n  have been th e  h ig h  costs  o f N - la b e l le d
15com pounds and  o f  th e  mass s p e c t ro m e te r  re q u i re d  f o r  N a na lys is  
(B re m n e r  1977).
2 .4 .1  1V  method 
15
T h e  use o f  a ^ - l a b e l l e d  a tm osphere  to  estim ate  f ix a t io n  has
been th e  p r im a r y  s ta n d a rd  f o r  com par ison  w ith  o th e r  m ethods ( B u r r i s
1974; B e rg e rs e n  1980). W ith th is  m e thod , th e  te s t  legume is 
15exposed  to  a N ^ e n r i c h e d  a tm osphere  in a g a s - t i g h t  cham be r f o r  an
a p p ro p r ia te  p e r io d  o f  t im e . T he  p la n t  m a ter ia l and th e  a tm osphe re
15a re  th e n  ana lysed  f o r  N and th e  p ro p o r t io n  ( P) o f  legume N 
o b ta in e d  from  th e  a tm osphere  is ca lcu la te d  f ro m  th e  re la t io n s h ip  (Vose  
e t  a l.  1982):
P =
Atoms % 
A tom s %
excess._______ legume
excess .a tm osphere (3 )
•1 r *15 1^ 5
w h e re  atoms % °N excess = atoms % °N , atoms % °N .sample c o n t r o l '
in  t h is  case th e  c o n t ro l  is u n e n r ic h e d  a tm osp h e r ic  N2 and th e r e fo r e
atoms % ^ Nc o n t r o | = 0-3663 (B e rg e rs e n  1980).
T h is  method has been em ployed commonly to  c o n f i rm  th e  p re sen ce
o f  a N2 " f i x i n g  sys tem  in legumes o r  assoc ia ted  w ith  n on - le g um es  ( e . g .
B u r r i s  1974; D e-P o ll i  e t aL  1977; Ruschel e t aL  1979) and to
e s ta b l is h  a c o n v e rs io n  fa c to r  f o r  use in ace ty lene  re d u c t io n
assays (s e c t io n  2 .2 .2 )  ( e . g .  H udd e t  aL  1980; Saito e t aL  1980).
Ross et a[. (1964) d e s c r ib e d  a g a s - t i g h t  g ro w th  cham ber f o r  use 
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in N 2 s tu d ie s  and s t re s s e d  the  im p o r ta nce  o f  m in im is ing  ch anges  in
th e  gaseous com pos it ion  o f  th e  a tm osphere  and o f  fo l lo w in g  the
15changes in the  iso to p ic  com pos it ion  o f  the  N2 " lab e l le d  a tm osphere
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w i t h  t im e .  O b v i o u s l y ,  such a p r o c e d u r e  is e xpe n s iv e  to es tab l i sh  and
d i f f i c u l t  to  m a in ta in .  I ts  c o m p le x i t y  l im i ts  t h e  use of  t h i s  method to
t h e  s t u d y  o f  o n l y  a few p la n ts  ( D e - Pol I i e t  aL 1977).
15
method and the  ace ty lene  re d u c t io n  methodB o th  the
(s e c t io n  2 . 2 . 2 )  u t i l i z e  a g a s - t i g h t  cham ber  in wh ic h  the  legume is
in c u b a te d  and t h e r e f o r e  t h e y  are s u b je c t  to the  same p rob lem s .  T h e
d i f f i c u l t y  in m a in ta in in g  a c o n s ta n t  a tm osphe r ic  compos i t ion  and in
s im u la t in g  e nv i ro n m e n ta l  c o n d i t i o n s  t h a t  p e r ta in  to the  f i e l d ,  mean
t h a t  bo th  methods can o n l y  be used f o r  s h o r t  p e r iod s .  T h i s
necess i ta tes  the  measurement  o f  v a r ia t i o n s  in N0 f i x a t i o n  w i th  t ime
to o b ta in  an i n t e g r a te d  lo n g - t e r m  est imate o f  f i x a t i o n .  T h u s ,  the  
15
N 2 method is no t  cons ide red  to be a su i tab le  method f o r  es t ima t ion  
o f  f i x a t i o n  b y  c rop  o r  p a s tu r e  legumes in the  f ie ld  (Vose  e t  aL  
1982).
2 . 4 . 2  A - v a lu e  method
T h e  A - v a l u e  method f o r  es t im a t ing  f i x a t i o n  was p roposed  b y
F r ied  and B r o e s h a r t  (1975) and in v o lv e s  the  app l i ca t io n  o f  
15
N - labe l led  f e r t i l i z e r  to a legume and re fe re n c e  p la n t  g r o w in g  in t h e  
same soi l .  Wi th t h i s  me thod ,  a re fe r e n c e  p la n t  is used to o b ta in  an 
i n t e g r a t e d  measure o f  the  is o top ic  composi t ion  o f  the  f e r t i l i z e r  + soi l  N 
t h a t  is assim i la ted  b y  the  legume d u r i n g  i t s  g r o w t h  p e r io d .  T h i s  
c o n t r a s t s  w i t h  the  N d i f f e r e n c e  methods  ( sec t ion  2 . 3 . 2 ) ,  w h e re  a 
re fe r e n c e  p l a n t  is used to  measure  the  amount  o f  soil N ass im i lated b y  
th e  legume. T h u s ,  w i t h  t h e  A - v a lu e  m e thod ,  the  legume and 
re fe r e n c e  p la n t  do no t  have  to assim i late  the  same amount  o f  soil N.
The  A - v a lu e  is d e f in e d  as th e  amount  o f  ava i lab le  N in t h e  soi l  
in u n i t s  o f  a f e r t i l i z e r  s ta n d a r d  ( F r i e d  and B r o e s h a r t  1975) and is
e x p res s e d  as
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A = F ( 1 - f ) / f  ( 4 )
w h e re  F is the  amount  of  f e r t i l i z e r  N added and f  is the  p r o p o r t i o n  o f  
N in the  p la n t  d e r i v e d  f rom  th e  f e r t i l i z e r  N. T h e  va lue  o f  f  is 
o b ta in e d  f ro m  the  equa t ion
f  = atoms % excess . . /  atoms % excess .  .... .p la n t  f e r t i l i z e r
Sepa ra te  A - v a lu e s  can be de te rm ine d  f o r  the  legume and th e  re fe r e n c e
p l a n t ,  d es ign a te d  A , , f o r  the  legume and A .. f o r  t h e3 soil + a tm osphere  a soil
r e fe r e n c e  p la n t .  Wi th the  legume, i t  is assumed t h a t  the  i so top ic
compos i t ion  o f  N d e r i v e d  f ro m  the  soil and the  a tm osphere  are bo th
equa l  to 0.3663 atoms % N. A l t h o u g h  t h i s  is u n l i k e l y  to be c o r r e c t
(see sec t ion  2 . 4 . 4 ) ,  any  small d i f f e r e n c e s  are u n i m p o r t a n t  i f  t h e
15f e r t i l i z e r  has a h ig h  N e n r i c h m e n t .
T h e  amoun t  o f  legume N d e r i v e d  f rom  the  a tm osphere  can be 
ca lcu la ted  f ro m  th e  e x p re s s io n  ( F r i e d  and B r o e s h a r t  1975):
kg N f ixe d  ha - A t m o s p h e r e  + s0-j] “ \ o A
x [7 o  o f  F recovered  by the  legume/100 ] .  (6)
-1
w h e re  the  A - v a lu e s  are  also e x p res s e d  in kg N ha 
T h i s  can be r e w r i t t e n  as
kg N f ixe d  ha -1 ^legume"^reference p lant^
-1
f legume x le 9ume N ( in k9 N ha" )
-1
Flegume kg N ha ' ) (7)
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The  assumptions  in h e ren t  in th is  method a re  essentia l ly  the  same 
15as those  for the  N isotope dilution method and these  a re  d iscussed
in section 2 .4 .3 .  It was believed th a t  th e  A-va lue  method had the
ad v an ta g e  th a t  the  legume and re fe rence  p lan t  could be supplied  with 
d i f f e r en t  ra te s  of fe r t i l ize r  N without a ffec t ing  th e  determination of 
f ixed ,  because  it was assumed th a t  th e  A-va lue  did not v a ry  with 
ra te  of N appl icat ion.  However,  many w o rk e rs  have measured
changes  in A-va lues  with changes  in th e  ra te  of N application
(D e ibe r t  e t  aL 1979; Rennie 1979; Ruschel e t  aL 1979). This has
genera l ly  been a t t r i b u t e d  to changes  in N fe r t i l ize r  availabil i ty ( e . g .  
t h ro u g h  losses of fe r t i l ize r  N by deni t r i f ica t ion  o r  volati l ization) or to 
changes  in soil N supp ly  ( e . g .  t h ro u g h  ch an g es  in root ex ten s io n ) .
The  A-va lue  method can only be used  when N fe r t i l ize r  is
applied and th is  may affect  the  fixation of by the  legume (sect ion 
2 . 4 . 3 . 1 ) .  In o r d e r  to avoid such e ffects  on Np f ixa tion,  low levels of 
N application a re  normally used  and it is u n d e r  th e se  conditions th a t  
A-va lues  a re  est imated with the  least  prec is ion (Rennie  1979).
To estimate the  propor t ion  of legume N d e r iv ed  from atmospheric  
with the  A-value  method it is n e c e s sa ry  to d iv ide  the  kg N fixed 
ha (from equat ion 7) by the  total N yield of th e  legume. T h u s ,  it 
is y i e ld -d e p e n d e n t  and its precision can n e v e r  exceed th a t  of o the r  
y ie ld -d e p e n d e n t  methods (Vose et  aL 1982).
2 .4 .3  isotope dilution method
15The  A-va lue  concep t  was used  in th e  development of a N
isotope dilution method for estimating fixation by legumes (Fried
and Middelboe 1977). When th is  method is u sed ,  ^ N - l a b e l l e d  
15fe r t i l ize r  or N-labelled organ ic  material is also added to soil in 
which a legume and re fe rence  p lant  a r e  g row ing .  However,  in
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15c o n t r a s t  to  th e  A -v a lu e  m e thod , in th e  N iso tope  d i lu t io n  method
th e  same ra te  o f  N a p p l ic a t io n  is used w i th  the  tw o p la n t  spec ies . 
15T h e  N - la b e l le d  soil N a bso rb e d  b y  th e  legume is d i lu te d  b y  f rom  
th e  a tm osp h e re ,  th e r e b y  in v o k in g  th e  te rm  iso tope  d i lu t io n  w h ic h  has 
com m only been used to  d e s c r ib e  th is  method (R e n n ie  e t a_L 1978; 
Edmeades and Goh 1979; Rennie  1979; Heichel e t aL  1981a; 
Know les 1981).
T h e  fo l lo w in g  sec tion  d e s c r ib e s  how th e  p ro p o r t io n  (P )  o f  legume 
N o b ta in ed  fro m  a tm o s p h e r ic  can be d e te rm ine d  (F r ie d  and
M idde lboe  1977): I f  f^ and f ^  a re  th e  p r o p o r t io n s  o f  p la n t  N d e r iv e d  
f ro m  th e  added N b y  th e  re fe re n c e  p la n t  and  legume re s p e c t iv e ly ;  
and and are  th e  p ro p o r t io n s  o f  p la n t  N d e r iv e d  from  th e  soil 
b y  th e  re fe re n c e  p la n t  and legume re s p e c t iv e ly ;  
th e n
+ S1 = 1 (8 )
+ s 2 + p = 1. (9 )
15T h e  major a ssum pt ion  in h e re n t  in th e  N iso tope  d i lu t io n  method 
(a n d  th e  A -v a lu e  m e th o d )  is t h a t  th e  legume and re fe re n c e  p la n t  
a b s o rb  the  same re la t iv e  am ounts o f  N f ro m  th e  added N and soil N, 
i . e.
f 1/ S 1 = f 2/ S 2 (1 0 )
T h e r e fo re
s 2 = s i x f 2/ f r  u i )
I f  S^ , f rom  equ a t ion  8, is s u b s t i t u te d  in to  e qu a t ion  11, the n
S2 = ( 1 - ^ )  x  f 2/ f 1 = ( f g / f ^ - f 2 . 0 2 )
R e a r ra n g in g  e qu a t io n  9 to  g iv e
p = i - f2-s2, (1 3 )
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and s u b s t i t u t i n g  f o r  and S2 f rom  equ a t ion s  5 and 12, then
P
atoms % 15N excess-, me/atoms t 15N excessad(jed N
—
atoms % N excessre ference/atoms % N excessadded „
(14)
T h e r e f o r e
P
atoms %
atoms %
excess legume
N excess reference
(15)
15 15In t h i s  case,  atoms % N excess = atoms % N - B ,  w he re  B = atoms 
15
% N o f  legume N d e r i v e d  e n t i r e l y  f rom  a tm osphe r ic  and is
commonly  t aken  as 0.3663 .  T h e r e f o r e ,  e qua t ion  15 can be w r i t t e n  as
P
atoms % 
atoms %
reference
reference
- atoms % 15N1egume.
- B
( 16)
T h u s ,  the  es t imate  o f  P is i n d e p e n d e n t  o f  the  d r y  m a t te r  o r  N
y ie ld  o f  the  legume. T h e  y ie ld  o f  f i x e d  N2 is ob ta ined  b y  m u l t i p l y i n g
£  b y  th e  to ta l  N y ie ld  o f  the  legume.
15
T h e  N iso tope d i l u t i o n  method has been e x te n s i v e l y  used to 
d e te rm in e  P and the  amoun t  o f  N f i x e d  b y  n odu la ted  soybeans  in f ie ld  
s tu d ie s  u s in g ,  as re fe r e n c e  p la n t s ,  soybeans  t h a t  were  u n in o c u la te d ,
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in o c u la te d  w i th  in e f fe c t iv e  N ^ - f i x in g  rh iz o b iu m  o r  n o n -n o d u la te d
(D om enach  e t aL  1979; Rennie  1982; Rennie  e t aL  1982; T a lb o t t  e t
a L  1982; P a tte rso n  and LaRue 1983). T h e  estim ates o f  P o b ta in e d
f o r  n od u la te d  soybeans b y  th is  method w ere  s im i la r  to  those  o b ta in e d
u s in g  o th e r  m ethods (T a b le  2 .2 ) .  P a tte rso n  and LaRue (1983) also
15o b ta in e d  s im i la r  estim ates o f  P w i th  N iso tope  d i lu t io n  and N
d i f fe re n c e  m ethods b u t  o b ta in e d  a much low er es tim ate  when th e
a c e ty le n e  re d u c t io n  method was used (T a b le  2 .2 ) .  T h e y  a t t r i b u t e d
th e  la t te r  r e s u l t ,  in p a r t ,  to  incom p le te  re c o v e ry  o f  n od u le s .
15
T h e  N iso tope  d i lu t io n  method has been used in the  f ie ld  to
d e te rm in e  th e  am oun t o f N f ix e d  b y  p a s tu re  legumes in U . S . A .
( P h i l l ip s  and B e n n e t t  1978; West and Wedin 1981; Heichel e t  aL
1981b ) ,  New Zealand (Goh e t aL  1978; Edmeades and Goh 1979;
Stee le  and S hannon  1982), S co t land  (H a y s te a d  and Lowe 1977;
H ays tead  and M a r r io t t  1978) and A u s t ra l ia  (V a l l is  e t aL 1977;
B e rg e rs e n  and T u r n e r  1983), b u t  th e re  have been few  s tu d ie s
c o m p a r in g  i t  w i th  o th e r  m ethods f o r  e s t im a t in g  f ix a t io n  (T a b le
2 .3 ) .  P h i l l ip s  and B e n n e t t  (1978) o b ta in e d  low er estim ates o f  th e
am oun t o f  N f ix e d  b y  s u b te r ra n e a n  c lo v e r  u s in g  th e  a c e ty le n e
15re d u c t io n  method tha n  th e y  d id  w i th  th e  N iso tope  d i lu t io n  m ethod
(T a b le  2 .3 ) .  A s im i la r  com par ison  o f  m ethods b y  Goh e t aL  (1978 )
w i th  w h ite  c lo v e r  revea led  t h a t  th e  re la t iv e  d i f fe re n c e  be tw een
m ethods v a r ie d  w i th  th e  le n g th  o f  t im e o f  in c u b a t io n  o f  samples in  th e
a ce ty le n e  re d u c t io n  method (T a b le  2 .3 ) .  Goh e t a[.  (1978) and
15P h i l l ip s  and B e n n e t t  (1978) co n s id e re d  th a t  th e  N iso tope  d i lu t io n  
m ethod g iv e s  th e  m ost a c c u ra te ,  lo n g - te rm ,  q u a n t i ta t iv e  es t im a te  o f  
f i x a t io n  b y  f ie ld  legumes b u t  t h a t  th e  assum p t io n s  in h e re n t  in th e  
m ethod sh ou ld  be v a l id a te d .
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The va r ious  assumptions associated w ith  th is  method are
discussed in sections 2 .4 .3 .1  to 2 .4 .3 .5 .
2 .4 .3 .1  Effect o f  n i t roge n  app lica tion  on f ixa t io n  
15In o rd e r  to use the N isotope d i lu t io n  method to estimate
15f ix a t io n  i t  is necessary to  amend the  soil w ith  N -labelled f e r t i l i z e r  
15o r  N -labe lled  organ ic  materia l so th a t  its  d i lu t io n  by atmospheric
can be measured. I t  is im po rtan t  th a t  the  amount of N added should
have no e f fe c t  on the amount o f N f ixe d  by  the  legume unde r s tu d y .
Munns (1977) reviewed the e f fe c t  o f N add it ion  on N£ f ix a t io n
and noted th a t  i t  depends on the  stage of g row th  of the legume, the
host species and rh izob ia l s t ra in ,  and the  form and concen tra t ion  o f
added N. Most experim ents  have been conducted soon a f te r  sowing
the  legume and an increase in y ie ld  and f ix a t io n  have often been
measured at low rates of N app lica t ion , due to increased root g row th
and enhanced nodu la tion  (R ichardson  et ah 1957; Alios and
Bartholomew 1959; Pate and D a rt  1961; D a rt  and Wildon 1970;
B e th len fa lvay  et a[. 1978). However, the y ie ld  advantage g en e ra l ly
d isappears  once the p lan ts  have become established (F ishbeck  and
P h il l ips  1981). Less a t ten t ion  has been g iven to the e f fe c t  on
estab lished legumes, p a r t ic u la r ly  at the low rates of N commonly used 
15in N isotope d i lu t io n  expe rim en ts .
In a pot expe rim en t,  Vance and Heichel (1981) found  no e f fe c t  o f
N add it ion  on the y ie ld  o f  lucerne b u t  obtained a decrease in the
estimate o f P at rates o f N app lica tion  of 40 and 80 kg ha
M cA u lif fe  et aL (1958) g rew  legumes to g e th e r  w ith  g rass in pots w ith
increas ing  levels of N app lica t ion .  A lth ough  legume y ie ld  and tota l N
-1
y ie ld  were una ffec ted  by  rates up to 225 kg N ha , P declined as
-1
the  rates o f N add it ion  were increased from 28 to 225 kg N ha
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In a field exper iment with mixed white c l o v e r / r y e g r a s s  p a s t u r e ,
Ledgard  and S a u n d e rs  (1982) measured no effect  of 25 to 100 kg N 
-1
ha on clover N yield for the  f i r s t  two h a rv e s t s  a f te r  N applicat ion,  
w hereas  th e re  were large increases  in g ra s s  N yield. However,  in 
s u b s e q u e n t  h a r v e s t s ,  th e re  was a d ecrease  in clover N yield due  to 
inc reased  competition from the  g r a s s .  They  measured a dec rea se  in
_ i
th e  level of ace ty lene  reduction by clover at  100 kg N ha , initially 
because  of subs t i tu t ion  for up take  of fe r t i l ize r  N and su b se q u e n t ly  
because  of reduced  clover yie lds .  T h u s ,  in a mixed legum e/g rass  
p a s t u r e ,  added N can affect  f ixation d i rec t ly ,  possibly  due  to 
deplet ion in supp ly  of pho to sy n th a te  to the  nodules (M anhar t  and 
Wong 1980), and indirec t ly  due  to changes  in the  propor tion  of 
p a s tu r e  components.
15 15The  ra te  of application of N-labelled fe r t i l ize r  in N isotope
-1dilution s tud ies  in the  field has varied  from < 1 kg N ha (Goh et
aL 1978) to 14 kg N ha  ^ (Heichel et  aL 1981a) with p a s tu r e  legumes
-1
and up to 27 kg N ha with crop legumes (P a t te r son  and LaRue
1983). One might su sp e c t  t h a t  the  ra te  of N application in some of
th e se  exper iments  was suff ic iently  high to cause  an incorrec t  estimate
of P. Talbot t  et  aL (1982) used 134 kg N ha  ^ and immobilised it by
adding  large amounts of sucrose .  Although th is  may not have
d i rec t ly  affected fixa tion,  it will have affected the  soil biomass and
possibly  induced changes  in the  p lan t-avai lab le  soil N s ta tu s  resu l t ing
in an ind irec t  ef fect  on fixation (Vose e t  aL 1982). T h u s ,  the
15application of N-labelled materials can have a d i rec t  or ind i rec t  
e f fect  on fixation and th e re fo re  the se  effects  should be minimised 
by using low ra tes  of N addition a n d / o r  by monitoring these  effec ts  
in an associated s tu d y .
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2 . 4 . 3 . 2  Ratio o f  u p ta k e  o f  added n i t r o g e n  and soil
n i t r o g e n
15
When a N - labe l led  compound is used to label t h e  soil N,  i t  is 
assumed t h a t  the  legume and re fe re n c e  p l a n t  wi l l  abso rb  added N and 
soi l  N in the  same ra t io ,  i r r e s p e c t i v e  o f  the  amounts  abso rbed  
( M c A u l i f f e  et  aL  1958).  Va l l i s  et  aL  (1967) suspec ted  t h a t  t h i s  
a ssum pt ion  may have been in v a l id  in a p o t  e x p e r im e n t  w i th  T o w n s v i l l e  
lu c e rn e  ( S ty lo s a n th e s  hum i l is  H . B . K . )  and Rhodes g rass  ( C h lo r i s  
gayana  K u n t h . ) ,  b u t  t h e y  noted  t h a t  i t  wou ld  be d i f f i c u l t  to  p ro v e .  
Wagner  and Zapata (1982) a t tem p ted  to  t e s t  t h i s  assum pt ion  w i th  
soybeans  and fababeans  b y  m easu r ing  th e  re la t i v e  u p ta k e  o f  label led 
and soil s u l p h u r  and assumed t h a t  i t  wou ld  be the  same as t h a t  f o r  
added and soil N. T h e i r  s t u d y  revea led  t h a t  the  ra t io  o f  u p ta k e  o f  
label led  and soil s u l p h u r  was s im i la r  f o r  v a r io u s  le g u m e /n o n - le g u m e  
com b ina t ions  b u t  f o u n d  t h a t  some p la n ts  d i f f e r e d  in t h e i r  re la t i v e  
a b s o r p t i o n  o f  N and s u l p h u r .  No s u i t a b le  t e s t  f o r  t h i s  assum pt io n  
has y e t  been d e v i s e d .
2 . 4 . 3 . 3  Im por tance  o f  m a tch ing  the  legume and re fe r e n c e  
p la n t
An  a ccu ra te  measure  m us t  be made o f  the  is o top ic  compos i t ion  o f
t h e  N ass im i lated f rom  the  added N + soil N b y  the  legume d u r i n g  the
15m easurement  pe r iod  a f t e r  a d d i t i o n  o f  a N - labe l led  com pound .
T e c h n iq u e s  i n v o l v i n g  chemical  e x t r a c t i o n  o f  soil N could  be used b u t
t h e y  may no t  measure  the  pool w h ich  is ava i lab le  to t h e  p la n t
( S t a n f o r d  1982).  H o w e ve r ,  t h i s  t e c h n iq u e  was used s u c c e s s fu l l y  b y
C h a lk  et  aL  (1983) in p o t  e x p e r im e n t s ,  w he re  ^ N - l a b e l l e d  soil
15o r g a n i c  m a t te r  was used .  Where N - lab e l le d  f e r t i l i z e r  is u sed ,  the  
iso top ic  compos i t ion  o f  t h e  added N + soil N changes  c o n s i d e r a b l y  w i th
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t im e  ( W i t ty  1983b) and th e re fo re  m any e x t ra c t io n s  may be needed to
in te g ra te  these  changes o v e r  th e  m easurem ent p e r io d .  T h u s ,  a
n o n - N ^ - f i x in g  re fe re n c e  p la n t  is commonly used to  o b ta in  an
in te g ra te d  es tim ate  o f th e  is o to p ic  com pos it ion  o f  N d e r iv e d  f ro m  th e
f e r t i l i z e r  + soil b y  the  legum e. T h is  es t im a te  may no t be c o r r e c t  i f
( i )  th e  legume and re fe re n c e  p la n t  d i f f e r  in t h e i r  u p ta k e  o f  N f ro m
d i f f e r e n t  d e p th s  in the  soil and th is  co in c ide s  w ith  d i f fe re n c e s  in th e
is o to p ic  com pos it ion  o f p la n t -a v a i la b le  N w i th  soil d e p th  ( P h i l l i p s  and
B e n n e t t  1978; Edmeades and Goh 1979), o r  ( i i )  th e  legume and
re fe re n c e  p la n t  d i f f e r  in t h e i r  p a t te rn  o f  g ro w th  w ith  t im e and th is  is
assoc ia ted  w ith  changes  in th e  iso to p ic  com pos it ion  o f  p la n t -a v a i la b le
N w ith  t im e (W i t ty  1 9 8 3 a ,b ) .
15V a r ia t io n s  in th e  N c o n c e n tra t io n  o f  soil N w ith  d e p th  p ro b a b ly
15o c c u r  in most f ie ld  e x p e r im e n ts  because N - la b e l le d  com pounds are
com m only  a pp l ie d  to th e  soil s u r fa c e  in o r d e r  to  avo id  d is tu r b a n c e  o f
th e  soil (K n o w le s  1980). T h u s ,  i t  is t h o u g h t  to  be im p o r ta n t  to
match th e  legume and re fe re n c e  p la n t  in t h e i r  ro o t  d i s t r i b u t i o n ,  o r
zone o f  N u p ta k e ,  w i th  d e p th  in  th e  soil so t h a t  th e y  have th e  same
ra t io  o f  u p ta k e  o f  added N and soil N (see sec tion  2 . 4 . 3 . 2 ) .
15Soil N is commonly labe lled  w i th  N b y  a s in g le  a p p l ic a t io n  o f
15 N f e r t i l i z e r  a t th e  s t a r t  o f  th e  g ro w th  p e r iod  ( e . g .  P h i l l ip s  and
B e n n e t t  1978; Domenach e t aL  1979; Heichel et aL  1981a). T h is  is
15
l ik e ly  to  r e s u l t  in a decrease  w i th  t im e in  th e  N c o n c e n tra t io n  o f  N
15
d e r iv e d  fro m  the  f e r t i l i z e r  + soil due  to  rem ova l o f p la n t -a v a i la b le  N
b y  p la n t  u p ta k e ,  le a c h in g ,  d e n i t r i f i c a t io n  and im m ob il iza t ion  and to
15th e  d i lu t io n  o f p la n t -a v a i la b le  N b y  u n e n r ic h e d  N re leased b y  
m in e ra l iz a t io n .  I f  t h is  co in c ide s  w i th  d i f fe re n c e s  between th e  legume 
and re fe re n c e  p la n t  in t h e i r  p a t te rn  o f  N ass im ila t ion  w ith  t im e ,  th e n
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an i n c o r r e c t  est imate o f  the  amount  of  N f i x e d  b y  the  legume can
r e s u l t  ( W i t t y  1983a, b ) .  T h u s ,  w h e re  t h e r e  is a change  in the
is o top ic  compos i t ion  o f  p la n t - a v a i l a b le  soil N w i th  t ime i t  is also
i m p o r t a n t  to match the  legume and re fe r e n c e  p la n t  in t h e i r  p a t t e r n s  o f  
N ass im i la t io n  w i th  t ime,  i r r e s p e c t i v e  o f  t h e i r  g r o w th  ra tes .
I t  has been sugg e s te d  t h a t  a n o n -n o d u la te d  legume, o f  t h e  same
spec ies  as th e  nodu la ted  legume be ing  s t u d ie d ,  wou ld  be th e  ideal
re fe r e n c e  p l a n t  (see sect ion  2 . 3 . 2 . 1 ) .  H o w e v e r ,  Pa t te rson  and LaRue
15(1983) f o u n d  t h a t  the  N c o n c e n t r a t io n  o f  nodu la ted  soybeans  o f ten  
exceeded t h a t  o f  the  n o n - n o d u la te d  iso l ine ,  r e s u l t i n g  in n e g a t i v e  
es t imates o f  P. T h e y  sugg e s te d  t h a t  t h i s  r e s u l t  may be due  to
d i f f e r e n c e s  in roo t  g r o w t h  between the  two  p la n ts .
15Few p u b l i s h e d  s tud ie s  w i th  the  N iso tope d i l u t i o n  method have 
used more th a n  one re fe r e n c e  p la n t .  Domenach et  aL (1979) ob ta in ed  
s im i la r  es t imates  o f  £  f o r  nodu la ted  soybeans  when n o n - n o d u la te d  
soybeans  and r a y - g r a s s  we re  used as re fe r e n c e  p la n ts  ( T a b le  2 . 2 ) .
H o w e v e r ,  Rennie  (1982) fo u n d  t h a t  t h e  use o f  u n in o c u la te d  o r
i n e f f e c t i v e l y  inocu la ted  soybeans  and b a r l e y  as re fe ren c e  p la n ts  gave  
s im i la r  es t imates  o f  £  f o r  n odu la ted  so ybe a ns ,  whereas  a h i g h e r  £  
va lue  was ob ta in ed  w hen  n o n - n o d u la te d  soybean was used as a 
r e fe r e n c e  p l a n t .  S im i l a r l y ,  W i t t y  (1983b)  fo u n d  t h a t  the  r e fe r e n c e  
p la n t s ,  o i lseed rape ( B rass ica  rapa L . )  and r y e g r a s s ,  gave  s im i la r  
es t imates of  the  amoun t  o f  N f i x e d  b y  fababeans ,  f r e n c h  beans
( Phaseolus v u l g a r i s  L . ) ,  peas ( Pisum sa t i v um  L . )  and red c l o v e r ,
whereas  es t ima tes were  lower when b a r l e y  was used as a r e fe r e n c e  
p l a n t .  T h i s  was a t t r i b u t e d  to d i f f e r e n c e s  in the  p a t t e r n  o f  g r o w t h  b y  
b a r l e y  w i th  t ime r e la t i v e  to t h e  o th e r  p l a n t s .  H ow eve r ,  he d id  no t  
examine d i f f e r e n c e s  w i t h  d e p th  in the  p l a n t  roo t  d i s t r i b u t i o n  and th e  
i so top ic  compos i t ion  o f  soi l  N.
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In all o f  these  s tu d ie s ,  th e  re fe re n c e  p la n ts  w ere  g ro w n  in p lo ts
se p a ra te  f ro m  th e  legum es. T h is  c o n t ra s ts  w ith  p a s tu re s ,  w h e re  the
legumes are  commonly g ro w n  in assoc ia t ion  w ith  g rasses  (w h ic h  are
used as th e  re fe re n c e  p la n t )  and b o th  p la n ts  compete f o r  th e  same 
15s o u rc e  o f  N - la b e l le d  p la n t -a v a i la b le  soil N. T h e re fo re  th e  e f fe c t  o f  
d i f f e r e n t  re fe re n c e  p la n ts  on th e  es t im a tion  o f  P b y  p a s tu re  legumes 
g ro w n  to g e th e r  w i th  g rasses  may be d i f f e r e n t  f ro m  th a t  o b ta in ed  
w h e re  th e  legumes and re fe re n c e  p la n ts  a re  g ro w n  s e p a ra te ly .  
H o w e v e r ,  th e re  have  been no p u b l is h e d  s tu d ie s  on the  e f fe c t  o f  
d i f f e r e n t  re fe re n c e  p la n ts  on th e  es t im a tion  o f  P in m ixed 
le g u m e /g ra s s  p a s tu re s .
2 .4 . 3 .4  f ix a t io n  assoc ia ted  w i th  th e  re fe re n c e  p la n t
When a re fe re n c e  p la n t  is used to  sample the  p la n t -a v a i la b le  soil
N i t  is im p o r ta n t  t h a t  no f ix a t io n  is d i r e c t l y  assoc ia ted w i th  the
re fe re n c e  p la n t .  O th e rw is e  th e  re fe re n c e  p la n t  w ou ld  have a low er 
15 N c o n c e n tra t io n  th a n  i f  all o f  i ts  N was d e r iv e d  f ro m  th e  f e r t i l i z e r  + 
s o i l ,  and f ix a t io n  b y  th e  legume w ou ld  be u n d e re s t im a te d .  With 
u n in o c u la te d  legumes o r  legumes n o d u la te d  w i th  in e f fe c t iv e  N ^ ' f i x i n g  
rh iz o b iu m  as re fe re n c e  p la n ts ,  th e re  is a lw ays  th e  co nce rn  th a t  these  
p la n ts  may become e f fe c t iv e ly  n o d u la te d  th r o u g h  c o n ta m in a t ion  b y  
added o r  in d ig e n o u s  rh iz o b iu m  (B e l l  and Nutman 1971). Even when 
n on - le g u m e s  are  used as re fe re n c e  p la n ts ,  t h e i r  roo ts  can g r e a t ly  
enhance  th e  a c t i v i t y  o f  th e  f r e e - l i v i n g  N ^ - f i x in g  b a c te r ia  w h ich  are 
p re s e n t  in most so ils  (N e y ra  and D o b e re in e r  1977; van  B e rku m  and 
Boh loo l 1980). I f  th is  f ix e d  is ass im ila ted  b y  the  n o n - le g u m e s ,  
f ix a t io n  b y  th e  legume u n d e r  s tu d y  w i l l  aga in  be u n d e re s t im a te d .
Use o f  th e  a ce ty le n e  re d u c t io n  m ethod has revea led  h ig h  
n i t ro g e n a s e  a c t i v i t y  assoc ia ted  w i th  n um erous  t ro p ic a l  g rasses  (D a y  et
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aL 1975b; Dobere iner and Day 1975; Buiow and Dobereiner  1975)
15and th is  has been confirmed by measuring the  incorporation of N
15into non-legumes from a N label led a tmosphere  ( De-Pol I i e t  aL
1977). In Aust ra l ia ,  Weier (1980) measured ace ty lene reduction 
ac t iv i ty  associated with t h r e e  tropical  g r a s s  species ,  and Weier et  aL 
(1981) estimated Panicum maximum L. to fix 2.7 kg N ha y r  in a 
tropical  climate.
In tempera te  climates,  only a limited number of g ra s s  species
have been inves t iga ted  for n i t rogenase  ac tiv ity  and it has been found
th a t  ac tiv ity  has been low, especially for species with a C-3
p h o tosyn the t ic  system (Tjepkema and B urr i s  1976; Neyra and
Dobere iner  1977). Vlassak et  aL (1973) estimated th a t  nat ive
-1 -1g ra s s l a n d  in Canada fixed about 1 kg N ha y r  , while S teyn  and
Delwiche (1970) found th a t  a number  of Californian g ra s s l a n d s
-1 -1ave raged  2.5  kg N ha y r  In a comparison of tempera te  g ra s s
spec ies ,  Nelson et  aL (1976) measured the  h ighes t  ace ty lene  reduction
- 1 - 1act iv i ty  with Agros ti s  tenu is  S ib th .  (74 g N fixed ha day ) ,  while
-1 -1most o th e r  spec ies ,  including r y e g r a s s  (5 g N fixed ha day ) ,  were
much less active .  In Aust ra l ia ,  Thompson et  aL (1984) examined a
ran g e  of tem pera te  and tropical  g r a s s e s  in n o r th e rn  New South Wales
and measured a maximum activ ity  in the  field equ ivalen t  to 1.9 g N 
-1 -1fixed ha h r  . They  concluded th a t  it was of no agronomic
s ignif icance .  However,  the  con tr ibu t ion  of f ixed N^ to the
non-legumes  may be suff ic ient to affect  the  estimate of N^ fixation by
15legumes using the  N isotope dilution method. T h e re  have been no
15s tud ie s  on the  measurement of N^ fixation by legumes with the  N 
isotope dilution method t h a t  have also examined for N^ fixation 
associa ted  with the  r e fe rence  plant.
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2 . 4 . 3 . 5  T r a n s f e r  of f ixed from legume to re fe rence
plant
15When th e  N isotope dilution method is used  to estimate
fixat ion in mixed legum e/g rass  p a s tu r e s  it is also assumed t h a t  th e r e
is no d i r e c t  t r a n s f e r  of f ixed from the  legume to the  r e fe rence
15p lan t  d u r in g  the  measurement per iod .  If th is  were to occu r ,  the  N 
concen t ra t ion  of the  re fe rence  p lant would be less than  if all of its N 
was de r ived  from the  fe r t i l ize r  + soil, and fixation by the  legume 
would be unde res t im ated .
In in tens ively  g ra z ed ,  l egum e/g rass  p a s tu r e s  most of the
fixed by the  legume is r e tu r n e d  to the  soil via the  graz ing  animals as
d u n g  and u r in e  (S ea rs  1953) and some of th is  can then  be assimilated
by g r a s s e s .  This  source  of e r r o r  can be obviated by excluding
graz ing  animals d u r in g  the  measurement period (Goh et aL 1978;
Steele  and Shannon 1982). Another  possible  source  of e r r o r  is t h a t
of o v e rg ro u n d  t r a n s f e r  which may involve the  d i rec t  loss of ammonia
( NH^) from th e  leaves of the  legume and the  s u b s e q u e n t  absorp t ion  of
th is  NH^ by th e  g r a s s ,  o r  vice v e r s a .  This  possibil i ty  was reviewed
15by F a rq u h a r  et  aL (1983) who noted th a t  p lan ts  grown with N-
15 14enr iched  fe r t i l ize r  would tend  to lose NH^ and gain NH^, even if 
th e  net  f lux of NH^ was zero .  T h u s ,  t r a n s f e r  of NH^ between plants  
in a mixed leg u m e /g ra ss  p a s tu r e  could lead to dif ferential  changes  in 
th e i r  isotopic composit ion.  F a rq u h a r  et  aL (1983) concluded th a t  the  
magnitude  of gaseous  N t r a n s f e r ,  and its importance to N yield,  is 
u n c e r t a in .  However,  it is likely to be small (G .D .  F a rq u h a r ,  p e r s .  
comm. ) .
'U n d e rg ro u n d '  t r a n s f e r  of f ixed from the  legume to the
re fe ren ce  p lant  can also occur  and th is  may involve at  least  two
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d i f fe ren t  mechanisms. Nitrogen may be ex cre ted  from in tac t  roots of 
growing legumes (Vir tanen  et  aL 1937) and then be absorbed  by the  
roots of the  associated re fe rence  plant .  However,  the  main mechanism 
for u n d e r g r o u n d  t r a n s f e r  involves the  decomposit ion of legume roots 
and nodules (B u t le r  et aL 1959) and absorp t ion  of the  released N by 
the  re fe rence  p lan t .  Nitrogen re leased from decaying roots and
nodules e n t e r s  the  soil N pool and is equally available for up take  by 
both the  legume and re fe rence  g r a s s .  T h u s ,  isotope dilution 
measurements  of N^ fixation are  not necessa r i ly  invalidated by th is  
phenomenon. Haystead and Marriott  (1979) found th a t  much of the  N 
released from clover roots and nodules was immobilized by soil 
bacte ria  and th e re fo re  not available for up take  by e i the r  p lan t .  
Jansson  (1971) also noted th a t  h e te ro t roph ic  soil microflora were 
cons iderably  more competit ive for up take  of mineralized ammonium than  
p l a n t s .
15Numerous pot exper iments  us ing N-labelled fe rt i l izer have 
demonst ra ted  negligible t r a n s f e r  of f ixed N^ from legumes to 
associated non-legumes for per iods  up to one year  (Henzell 1962;
Simpson 1965; Vailis et  aL 1967; B roadben t  et aL 1982). In the  
field,  N t r a n s f e r  has genera l ly  been measured over  rela tively long
periods  of time with g raz ing  animals being exc luded .  Simpson (1976) 
measured cumulative N t r a n s f e r  over  t h r e e  year s  from s u b te r r a n e a n  
clover ,  white clover and lucerne  to a companion g r a s s  of 20, 6 and 3% 
of the  total N f ixed ,  respec t ive ly .  Similarly,  Johansen  and Kerr idge  
(1979) obta ined 12 to 17% N t r a n s f e r  from a range  of tropical  legumes 
to an associa ted  g r a s s  over  a f ive y ear  period.  In c o n t r a s t ,
B roadben t  et  aL (1982) found no t r a n s f e r  of f ixed N^ from white
clover to r y e g r a s s  over  a six month period bu t  s u b se q u e n t ly
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m e a s u re d  c o n s id e r a b l e  t r a n s f e r  ( u p  to 79%), a f t e r  ab o u t  18 m o n th s .
15From th i s  r e s u l t ,  t h e y  conc luded  t h a t  N isotope d i lut ion m e thods  
w ere  u n s u i t a b l e  fo r  m e a s u r in g  f ixa t ion  in l e g u m e / g r a s s  m i x t u r e s .
1 5
H ow ever ,  t h e y  ove r looked  t h e  f a c t  t h a t  N isotope d i lu t ion
m e a s u re m e n t s  in p a s t u r e s  a r e  u su a l ly  made o v e r  r e la t ive ly  s h o r t
p e r io d s  (commonly less th a n  six m o n th s )  and  t h a t  longe r  t e rm
m e a s u re m e n t s  a r e  made by  in t e g r a t i n g  t h e  r e s u l t s  from s e v e ra l  of
t h e s e  p e r io d s  (E dm eades  and  Goh 1978; S tee le  and  S h an n o n  1982;
15B e r g e r s e n  and  T u r n e r  1983).  D ur ing  a N isotope di lu t ion  s t u d y  
o v e r  a 17 week p e r io d ,  H ays tead  and M arr io t t  (1978) m e a su re d  less 
t h a n  6% t r a n s f e r  of f ixed  from white  c love r  to an a s soc ia ted  g r a s s .  
T h u s ,  it is commonly c o n s id e re d  t h a t  N t r a n s f e r  ( e x c e p t  via g r a z i n g  
an imals )  is minimal in t h e  s h o r t  t e rm ,  be ing  r e la ted  to legume 
p r o d u c t i o n  in t h e  p r e v io u s  y e a r  r a t h e r  th a n  to c u r r e n t  legume g r o w th  
(S im pson  1976; H ay s tead  and  M arr io t t  1978).
152 . 4 . 3 . 6  D is t r ib u t io n  of N be tween  p la n t  p a r t s
15D i f fe re n c e s  in t h e  c o n c e n t r a t i o n  of N be tw een  p l a n t  p a r t s  
15following u p t a k e  of a N-label led  compound may a f fe c t  t h e  e s t im a te  of
P if on ly  a po r t ion  of t h e  p la n t  ( e . g .  s h o o t s )  is sampled  fo r  a n a l y s i s .
15T h e  d i s t r i b u t i o n  of  N be tw een  p la n t  p a r t s  may be a f fec ted  b y  t h e
15un labe l led  p la n t  N p r e s e n t  a t  th e  time of app l ica t ion  of N - labe l led  
com pound .  If t h e  whole p la n t  is no t  sampled t h e n  it is im p o r ta n t  t h a t  
t h e  newly  accum ula ted  N, w h e t h e r  f ixed  o r  a b s o r b e d  from t h e  soil ,  
shou ld  e q u i l i b r a t e  with t h e  p la n t  N p r e s e n t  a t  t h e  s t a r t  of  t h e  
m e a su re m e n t  pe r iod  (H a y s t e a d  and  Lowe 1977).
Smith and  Silva (1969) u s e d  total N a n a ly s i s  of ro o t s ,  c r o w n s  
and  s h o o t s  to i l l u s t r a t e  t h a t  o rg a n ic  N r e s e r v e s  a r e  mobil ized to t h e
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new foliage d u r in g  p lant reg row th .  This  was examined in detail with 
15 N by Phillips et  aL (1983) using s u b te r r a n e a n  clover and Bromus 
mollis L. They  found th a t  the  amount of N recycled th ro u g h  the  
crowns and roots of the se  p lants  d u r in g  a period between th re e  shoot 
h a r v e s t s  was 1.0 to 1.4 times the  a v e rag e  amount of N p r e s e n t  in 
th e se  p lant  p a r t s .  T h e re fo re ,  the  rapid  cycling of N between plant 
p a r t s  will minimise d i f fe rences  in the  isotopic composition of N 
between p lant p a r t s .
15Haystead and Lowe (1977) found th a t  the  N concentra tion  of N
in shoots  and roots was the  same for white clover and ry e g ra s s  by 41 
15days  a f te r  N applicat ion,  indicating th a t  th e re  was no need to
h a r v e s t  the  whole p lant to obtain on accu ra te  estimate of P. In
c o n t r a s t ,  Rennie et  aL (1978) measured some varia tion in the  isotopic
composition of p lan t p a r t s  of nodulated and non-nodula ted  soybeans
grown at  t h r e e  d i f fe ren t  locations,  bu t  obta ined  d i f fe ren t  estimates of
P using the  d i f f e r en t  p lant p a r t s  at  only one of these  locations.
Y ie ld -dependen t  estimates of P have been proposed (Haystead
and Lowe 1977; B erger sen  and T u r n e r  1983) so t h a t  only up take  of 
15 N du r in g  the  measurement period is u sed .  Haystead and Lowe
(1977) ad jus ted  the  plant enr ichment  of N at the  end of the
15measurement period (atoms % N e x c e s s^ ) ,  for N p re s e n t  in the
15legume and re fe rence  plant pr io r  to N application (N^) by
Atoms % 15N excess during .  Atoms % ^  excess2 
the measurement period (N-j/No)
15They  then  used equation 15 to estimate P by using the  ad justed  N 
enr ichm ent  (equation 17) for the  legume and re fe rence  plant.
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B e rg e rs e n  and T u r n e r  (1983) o b ta in e d  y ie ld -d e p e n d e n t  estim ates o f  P
15b y  m e a su r ing  th e  N y ie ld s  o f th e  legume and re fe re n c e  p la n t  a t th e  
s t a r t  and end o f  th e  m easurem ent p e r io d :
P = [ lOO(r-q)  - ANX]/[AN(B-X)] (18)
15w h e re  q and r  a re  th e  N y ie ld s  o f  th e  legume a t sam p lings  1 and 2
r e s p e c t iv e ly ;  AN is th e  in c re m e n t  o f to ta l  N b y  th e  legume d u r in g
15th e  m easurem ent p e r io d ;  B is th e  atoms % N o f  th e  legume w hen 
g ro w n  w ith  a tm o sp h e r ic  as th e  sole source  o f  N; and X is
o b ta in e d  from  th e  re fe re n c e  p la n t  b y :
X = 100 ( x - w J / a N1 (19)
15w h e re  w and x a re  the  N y ie ld s  o f  th e  re fe re n c e  p la n t  a t sam p lings
1 and 2 re s p e c t iv e ly  and A'N is th e  in c re m e n t  o f to ta l  N b y  th e
re fe re n c e  p la n t  d u r in g  th e  m easurem ent p e r io d .
T hese  y ie ld -d e p e n d e n t  m ethods a c c o u n t  f o r  d i f fe re n c e s  betw een
15th e  legume and re fe re n c e  p la n t  in th e  d i lu t io n  o f  N ass im ila ted
d u r in g  th e  m easurem ent p e r io d  b y  u n e n r ic h e d  m ater ia l p re s e n t  p r i o r  
15
to  N a d d i t io n ,  w h ich  cou ld  cause e r ro n e o u s  estim ates o f  b y  th e  
c o n v e n t io n a l  method o f  c a lc u la t io n  (e q u a t io n  16 ) .  H o w e ve r ,  w hen th e  
p la n t  e n r ic h m e n ts  a t th e  end o f  th e  m easurem ent p e r iod  are  v e r y  h ig h  
re la t iv e  to  those  a t th e  s t a r t ,  t h is  e f fe c t  is l i k e ly  to be n e g l ig ib le .
152 .4 .4  N a tu ra l N a bu ndance  method
When n a tu ra l  d i f fe re n c e s  in th e  is o to p ic  com pos it ion  be tw een
a tm o s p h e r ic  and soil N o c c u r ,  th e y  can be used to  es tim ate  P in  th e
15same m anner as the  N iso tope  d i lu t io n  method (s e c t io n  2 . 4 . 3 ) .
H o w e ve r these  d i f fe re n c e s  are  small and th e re fo re  th e  e x p re s s io n  
156 N ( in  %0) is commonly used (R e n n ie  e t aL  1978), w h e re :
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u  (atoms % - atoms % "*5N . . ,)J 5 NI _ v sample standard7 1000.
O IN -  ---------------------------------- -— ------ - --------------------------------------------------  X
atoms %
( 20)
1
standard
T h e  s ta n d a rd  is u s u a l ly  a tm osp h e r ic  (M a r io t t i  1983) o r  un labe l led  
ammonium su lp h a te  (B e rg e rs e n  1980).
15D if fe re n c e s  in th e  n a tu ra l  abundance  o f  N between a tm ospher ic
and soil N o c c u r  because a lmost all N t ra n s fo rm a t io n s  in th e  soil
r e s u l t  in iso top ic  f ra c t io n a t io n  (M a r io t t i  1982). D u r in g  d e n i t r i f ic a t io n
(D e lw ich e  and S teyn  1970; B lackm er and B re m n e r 1977) and
v o la t i l iz a t io n  (H a u ra t  e t aL 1981; T u r n e r  e t aL  1983), f ra c t io n a t io n
can be r e la t iv e ly  la rg e ,  re s u l t in g  in a p re fe re n t ia l  loss o f  th e  l ig h te r  
14 15iso tope , N, and an e n r ic h m e n t  in N o f  th e  re s id ua l N. T h e  ne t
e f fe c t  o f th e  soil N t ra n s fo rm a t io n s  and t h e i r  associated iso top ic  
* 15f ra c t io n a t io n s  is an inc rease  in the  N a bundance  o f soil N compared 
w ith  a tm osp h e r ic  (see T ab le  2 .4 ) .
15T he  a b i l i t y  to  u t i l i z e  th e  d i f fe re n c e  in n a tu ra l  abundance  o f  N
between a tm osp h e r ic  and soil N f o r  e s t im a t in g  f ix a t io n  b y  legumes
at a p a r t i c u la r  s i te  w i l l  depend  on th e  deg ree  o f  spa tia l (b o th
15h o r iz o n ta l  and v e r t i c a l )  v a r ia b i l i t y  in th e  N abundance  o f soil N.
B ro a d b e n t  e t aL  (1980 ) re p o r te d  a s u r p r i s in g ly  la rge  spa t ia l
15v a r ia b i l i t y  in th e  6 N o f  to ta l N from  a range  o f  s u r fa c e  so i ls ,
15e x te n d in g  below and above  th a t  o f  th e  6 N o f a tm osp h e r ic  N^. T h e y
15
conc luded  th a t  th e  n a tu ra l  N a bundance  method cou ld  no t be used
fo r  e s t im a t ing  f i x a t io n  b y  legumes in th e  f ie ld .  H ow ever ,  t h a t  is
the  o n ly  r e p o r t  o f  such  la rg e  v a r ia t io n s  (see T ab le  2 .4 ) .  In 
15c o n t ra s t ,  the  6 N o f  to ta l N in s u r fa c e  soils re p o r te d  b y  o th e rs
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T a b le  2 .4 . I s o t o p i c  c o m p o s i t io n  o f  t o t a l  n i t r o g e n ( 6 15N, %0) in  s u r f a c e  s o i ls .
S o u r c e Mean S . D . 1 R ange N o. soi l 
samples
A u s t r a l i a
B la c k  an d  W a r in g  (1 9 7 7 ) 4 .8 1 .9 + 2 .9  to  + 6 .7 3
N ew  Z e a land
S tee le  e t  a l .  ( 1 9 8 1 ) 3 .2 1 .6 -  1.1  to  + 6 .8 61
B e lg iu m
R iga  e t  a L  (1 9 7 0 ) 3 .0 0 .7 -  1 .9  to  4.1 10
C a n a d a
R e n n ie  an d  Paul (1 9 7 5 ) 10 .9 2.1 + 6.1  to  +12 .9 11
R e n n ie  e t  al_. ( 1 9 7 6 ) 8 .8 1 .2 + 4 .6  to  +10 .2 11
K a ra m a n o s  e t  a L  (1 9 8 1 ) 9 .4 3 .0 + 3 .5  to  +14 .3 58
U n i t e d  S ta te s  o f  A m e r ic a
C h e n g  e t  a L  (1 9 6 4 ) 6 .3 5 .2 -  1 .0  to  +17 .0 28
B r e m n e r  e t  aU (1 9 6 6 ) 4 .3 5 .7 -  3 .3  to  +18.1 25
B r e m n e r  an d  T a b a ta b a i  (1 9 7 3 ) - 0 . 2 2.1 -  4 .4  to  + 3 .0 16
S h e a r e r  e t  a L  (1 9 7 4 ) 9 .7 1 .7 + 6 .8  to  +13 .3 19
S h e a r e r  e t  a [ .  ( 1 9 7 8 ) 9 .2 2.1 + 5.1  to  + 1 2 .3 2 139
V i r g i n i a  (1 9 8 0 ) 6 .2 2 .4 + 2 .5  to  +10.1 11
B r o a d b e n t  e t  a L  (1 9 8 0 ) 3 .5 10 .6 N O T  R E P O R T E D 196
S ta n d a r d  d e v ia t i o n .
R ang e  w i t h i n  w h ic h  90% o f  t h e  sam p les  f e l l .
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(Black and Waring 1977; Karamanos et  aL 1981; Kohl et  aL 1981)
was d i f f e r en t  from th a t  of a tmospheric  and showed small spatial
15va r iab i l i ty ,  indicat ing th a t  the  na tu ra l  abundance  of N can be used  
for field s tud ies  on fixation.
15Variabil i ty  in the  na tu ra l  abundance  of N in N from p a s t u r e
soils sub jec t  to g raz ing  by animals may be g r e a t e r  than  th a t  in
c ropping  soils because  it has been shown t h a t  the  dung  r e tu rn e d  to
15the  soil by graz ing  animals is enr iched  in N compared with u r ine
(Steele  and Daniel 1978) and th a t  dung  and ur ine  are  voided
sepa ra te ly  onto re la tively small a reas  (Ledgard  e t  aL 1982).
15Variations in the  natura l  abundance  of N in total soil N have
been measured within a soil prof ile,  often reaching a maximum at
depth  (Delwiche and Steyn 1970; Virginia 1980; Steele et  aL 1981).
It is t h o u g h t  t h a t  p lan t-avai lab le  soil N would also v a ry  with soil
d e p th ,  indicating th a t  it may be impor tant to match the  legume and
re fe rence  p lant in th e i r  dep th  of root pene t ra t ion ,  or zone of N
15u p ta k e ,  so t h a t  th ey  both assimilate soil N of the  same N a b u n d an ce
(Steele  et  aL 1981). This  is synonymous with the  co r re sp o n d in g
15assumption of the  A-value and N isotope dilution methods (see  
section 2 . 4 . 3 . 3 ) .
Plant N der ived  from the  soil is believed to be largely in the
15n i t r a te  form and while th is  form may be less enr iched  in N th an  the
total N (compare Tables  2 .4  and 2 .5 ) ,  it is still usual ly  g r e a t e r  than
15th a t  of atmospher ic  N^. If the  natura l  abundance  of N in
plant-avai lab le  soil N is d i f f e r en t  from th a t  of atmospher ic  N^/ then  it
is possible  to estimate P using an equation analagous to th a t  of the  
15 N isotope dilution method (equation  15), i .e .
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T a b l e  2 . 5 .  Isotopic compos i t ion  of n i t r a t e  n i t r o g e n  ( ö 1^N, %„) in s u r f a c e  soi ls .
S o u r c e Ni t r at e
sampling^ Mean S . D . 2 Range
No. soil 
samples
Au s t r a l i a
Bl ack a n d  Waring (1977) I 2 . 4 2.3 - 0 . 2  to + 4 . 2 3
C a n ad a
Rennie  e t  a h  (1976) D 8. 8 2 . 9 ♦2.7  to +11.0 9
Uni ted  S t a t e s  of America
B r e m n e r  an d T ab a t a b a i  (1973) I - 0 . 9 4 . 8 - 9 . 6  to + 6 . 3 10
Feigin e t  a h  (1974) D 1.2 1.5 -2 to +10 12
Vi rg i nia  (1980) D 0. 3 1.2 - 0 . 8  to + 1.1 13
^ N i t r a te  was  e i t h e r  e x t r a c t e d  d i r e c t l y  ( D)  f rom t h e  soil or  fol lowing i ncuba t ion  ( I ) .  
2S t a n d a r d  dev i a t ion .
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P
6 Nn1egume
615Navailable soil N
( 21)
T h e  6 N . . . .  .. .. is commonly o b ta in e d  f ro m  a n o n - N „ - f i x i n qa va i lab le  soil N 7 2 a
re fe re n c e  p la n t  g ro w n  in th e  same soil as th e  legume.
15T h e  n a tu ra l  N abu n da n ce  m ethod has been used q u a l i t a t i v e ly ,
to  id e n t i f y  p la n ts  as b e ing  N ^ - f i x in g  o r  n o n - N ^ - f i x in g  ( V i r g in ia  and
D e lw iche  1982), and q u a n t i t a t i v e ly  to  es t im a te  the  am ount o f  legume N
f ix e d  fro m  a tm o sp h e r ic  N^. A m a rg e r  e t  aL  (1979) g re w  in o cu la te d
and u n in o c u la te d  soybeans and es tim a ted  f ix a t io n  b y  the  n a tu ra l  
15 N abu n da n ce  method ( i . e .  f ro m  e qu a t ion  21) and com pared the
re s u l ts  w i th  those  fro m  th e  a c e ty le n e  re d u c t io n  and N d i f fe re n c e
15m ethods . Estim ates based on n a tu ra l  N abu n da n ce  w ere  c o r re la te d  
w ith  th o se  fro m  th e  a ce ty le n e  re d u c t io n  method b u t  n o t  w i th  those  
from  th e  N d i f fe re n c e  m e thod . T h e  d i f f e r e n t  es tim ates between th e  
n a tu ra l  abu n da n ce  and N d i f fe re n c e  m ethods w ere  due  to  d i f fe re n c e s  
in u p ta k e  o f  soil N b y  th e  in o c u la te d  and u n in o c u la te d  soybeans , th u s  
in v a l id a t in g  re s u l ts  f ro m  th e  N d i f fe re n c e  m e thod .
15O n ly  tw o  p u b l is h e d  com par isons  o f  th e  n a tu ra l  N abundance
method w i th  o th e r  m ethods f o r  e s t im a t in g  f ix a t io n  b y  p a s tu re
legumes have been made (see T a b le  2 .3 ) .  B e rg e rs e n  and T u r n e r
(1983) fo u n d  th a t  th e  n a tu ra l  a bu n da n ce  and N iso tope  d i lu t io n
m ethods p ro v id e d  s im i la r  es tim ates o f  P f o r  s u b te r ra n e a n  c lo v e r ,
w hereas  Edmeades and Goh (1979) o b ta in e d  d i f f e r e n t  estim ates o f  P
w ith  the se  tw o  m ethods f o r  w h ite  c lo v e r .  Edmeades and Goh (1979)
15co nc lud e d  th a t  th e  n a tu ra l  N a bu n d a n ce  method shou ld  no t be used
u n t i l  f u r t h e r  w o rk  has e s ta b l is h e d  th e  v a l i d i t y  o f  th e  assum ptions
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i n h e r e n t  in th e  m e thod , e s p e c ia l ly  w i th  re g a rd  to  N iso top e
f r a c t io n a t io n  e f fe c ts .
15Some o f  th e  a ssum pt ions  im p l ic i t  in th e  N iso tope  d i lu t io n
m e th o d ,  e s p e c ia l ly  those  c o n c e rn in g  th e  re fe re n c e  p la n t ,  a re  a lso
15im p o r ta n t  f o r  th e  n a tu ra l  N abu n da n ce  m e thod . For exam p le , i t  is
assum ed t h a t  all o f  th e  N in th e  re fe re n c e  p la n t  is d e r iv e d  f ro m  th e
s o i l ,  i . e .  ( i )  th a t  th e re  is no f ix a t io n  d i r e c t l y  assoc ia ted  w i th  th e
re fe re n c e  p la n t  (see sec tion  2 .4 . 3 . 4 )  and ( i i )  t h a t  no d i r e c t  t r a n s f e r
o f  f ix e d  f ro m  th e  legume to  th e  re fe re n c e  p la n t  ta ke s  p lace d u r in g
th e  m easurem ent p e r io d  (see sec tion  2 . 4 . 3 . 5 ) .  Due to  th e  small
d i f fe re n c e s  in is o to p ic  com pos it ion  between a tm o s p h e r ic  and soil N
15s o u rc e s ,  when a p p ly in g  th e  n a tu ra l  N abu n da n ce  method i t  is also
assumed t h a t  no is o to p ic  f r a c t io n a t io n  o c c u rs  d u r in g  sample 
15p re p a ra t io n  and N a n a ly s is ,  o r  d u r in g  the  g ro w th  and N a s s im ila t io n  
b y  the  legume and re fe re n c e  p la n t .
2 .4 .4 .1  Iso to p ic  f ra c t io n a t io n  d u r in g  N0 f ix a t io n
lL
Estim ates o f  th e  is o to p ic  f ra c t io n a t io n  w h ich  o c c u rs  d u r in g  
f i x a t io n  b y  b a c te r ia ,  c ro p  legumes and p a s tu re  legumes a re  g iv e n  in
T a b le  2 .6 .  Most o f  th e  es tim ates in d ic a te  t h a t  d is c r im in a t io n  a g a in s t
15 15th e  h e a v ie r  N iso tope  g e n e ra l ly  o c c u rs  ( i . e .  a n e g a t iv e  6 N v a lu e
is o b ta in e d ) .
To  o b ta in  an a c c u ra te  es tim ate  o f  P i t  is n e ce ssa ry  to  e s ta b l is h  
an is o to p ic  f r a c t io n a t io n  fa c to r  f o r  f i x a t io n  ( B )  and to  a c c o u n t  f o r  
t h i s  b y  c h a n g in g  e qu a t ion  21 to :
6 ^avai lable soi l  N ~ 6 Nlegume
15
6 ^avai lable soi l  N ~ B
( 2 2 )
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T a b le  2 . 6 .  I s o to p ic  f r a c t i o n a t i o n  d u r i n g  f i x a t i o n  b y  b a c t e r i a ,  c r o p  legu m es  an d  p a s t u r e  le g u m e s .
S p e c ie s V a r i e t y B 1 S. E. S o u rc e
B a c te r i a
A z o t o b a c t e r  a g i le - 1 . 5 H o e r in g  an d  F o rd  1960
c h ro o c o c c u m - 0 . 7
in d ic u m + 3 .7
v in e la n d i - 2 . 3
v in e la n d i - 3 . 9 D e lw ic h e  a n d  S te y n  1970
C r o p  le g u m e s
G ly c in e  max L .  M e r r i l l A m so y - 1 . 2 0 .2
Wel ls - 1 . 3 0 .1 A m a r g e r  e t  aj_. 1979
C h ip p e w a - 1 . 5 0 .4
H o d g s o n - 1 . 6 0 .2
H a ro s o y + 0 .9 8 0 .1 8 Koh l  a n d  S h e a r e r  1980
L u p i n u s  lu t e u s  L . S u l fa - 0 . 9 0 .1 A r m a g e r  e t  a l .  1977
S u l fa - 0 . 7 7
P h a se o lu s  v u l g a r i s  L . C o n t e n d e r - 1 . 9 7
H o d g so n - 1 . 8 3 M a r io t t i  e t  a L  1980
V ic ia  fa b a  L . A s c o t t - 0 . 6 3
P isum  s a t i v u m  L . R ondo - 1 . 0
P a s tu r e  legu m es
M e d ic a g o  s a t i v a  L . M i r e i l le - 0 . 9 2 M a r io t t i  e t  a L  1980
T r i f o l i u m  p r a te n s e  L . A lp i l l e s - 0 . 8 8
T r i f o l i u m  p r a te n s e  L . + 1 .8 8 0 .1 4 Koh l  a n d  S h e a r e r  1980
T r i f o l i u m  s u b t e r r a n e u m  L . M t .  B a r k e r  +2 .5 8 B e r g e r s e n  an d  T u r n e r  1983
B = 6 N ( w i t h  r e s p e c t  to  a tm o s p h e r ic  f ^ )  o f  t h e  b a c t e r i a  o r  le g u m e  g r o w n  s o le ly  on 
a tm o s p h e r i c  N ^ .
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15where  B is the  6 N of the  legume grown solely on atmospheric 
(Am arger  et  al. 1979).
2 . 4 . 4 . 2  Isotopic frac tionation d u r in g  assimilation of soil 
n it rogen
As soil N is assimilated by both the  legume and re fe rence  plant 
it is im por tant t h a t  any  isotopic frac tionation which occurs  dur ing  
up take  of soil N should be the  same for both plants  if accura te  
estimates of £  are  to be obtained (Kohl and S h e a re r  1980).
Mariotti e t a[. (1980) examined 38 non- legumes and four
uninocula ted  legumes for isotopic frac tionation du r ing  assimilation of
n i t r a te  from a flowing solution.  Uninoculated lucerne was the  only
plant  to show s ignif icant fractionation d u r in g  N up take ,  having a 
156 N value  of -1.0%o with r e sp ec t  to the  n i t r a te .  In c o n t r a s t ,  Kohl 
and S h e a re r  (1980) used  a hydroponic  c u l tu re  to grow non-nodula ted  
soybeans ,  marigolds and r y e g r a s s  and measured isotopic fract ionat ion 
with 6 N values  of -4 .9 ,  -4 .5  and -4.7%0 re spec t ive ly ,  re lative  to
n i t r a te .  However,  they  noted t h a t  th e se  values  contained e r r o r s  due 
to the  inabil ity to maintain an infinite N source .  The re fo re  
frac tionation associated with depletion of a f inite source  (Mariotti 
1982) may have o c cu r r ed .  It should be noted th a t  in the  case  of
marigolds and r y e g r a s s ,  the  values  for isotopic frac tiona tion
decreased  with time to -3.1 and -1.9%0 respec t ive ly  a f te r  65 days .  
Mariotti e t a[. (1980) also measured changes  in isotopic frac tiona tion
with time d u r in g  n i t r a te  up take  by millet ( Pennisetum americanum L . ) ,  
being large d u r in g  ear ly  growth  and becoming nil a f te r  92 days  
growth  (F ig .  2 .1 ) .
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Figure 2 .1 .  Isotopic f rac tionation d u r in g  assimilation of n i t r a te  by
millet d u r in g  growth  (Mariotti et  a]. 1980).
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Mariotti e t  aL (1982) examined the  kinetics  of n i t r a te  up take  and 
utilization by  millet and found th a t  the  level of isotopic frac tionation 
depended  on the  re la tive  concen t ra t ions  of n i t r a te  supplied to the  
p lan t,  n i t r a t e  r e d u c ta se  within the  p lan t  and internal r e d u c ta n t .  
They  o b se rv ed  th a t  when n i t r a te  re d u c ta se  was ra te-l imiting ( e . g .  
du r ing  ear ly  g ro w th )  isotopic f rac tionation  was la rge ,  bu t  when 
n i t ra te  co n cen t ra t ions  were low (as  is typical  for field cond i t ions) ,  
n i t r a te  u p ta k e  would be the  ra te-l imit ing s tep  and th e re fo re  
fractionation would be minimal. In the  field,  Karamanos and Rennie
(1980) found no s ignif icant  frac tionation d u r in g  assimilation of soil N 
by oilseed rape  using a N balance s tu d y .
2 . 4 . 4 . 3  Isotopic f rac tionation associa ted  with n it rogen 
t rans loca t ion  in p lants
In a field s tu d y  of f ixa tion,  it is more convenien t  to sample
15only a portion  of th e  p lant ( e . g .  shoo ts )  for N analys is ,  r a t h e r
15than  the  whole p lan t .  T h e re fo re ,  it is of in t e r e s t  to examine the  N
15abundance  of N in d i f f e r e n t  plant  p a r t s .  The 6 N values  given in 
sections  2 .4 .4 .1  and 2 . 4 . 4 . 2  are  for th e  whole p lan ts  and may be 
d i f fe ren t  from those  for the  individual p lant p a r t s .
Nodules of so y b ea n s ,  cowpeas and beans  are  genera l ly  enr iched
15 15in N re la tive  to o th e r  p lant p a r t s ,  with 6 N values  of +4.4 to
+10.4%o re la tive  to o th e r  p lan t  p a r t s ,  having been o bse rved  ( S h e a re r
e t  aL 1982). However ,  th is  en r ichm ent  has not been found with
many o th e r  legumes and  S h e a re r  e t  aL (1982) hypothes ized  th a t  it
only occu r red  in u r e i d e - t r a n s p o r t i n g  p lan ts .  Anomalies to th is
hypothes is  have s ince been found (S tee le  et  aL 1983; T u r n e r  and
B ergersen  1983). Steele e t  aL (1983) found t h a t  the  s t ra in  of
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15rhizobium affected the  deg ree  of N enr ichment  of nodules with
soybean and white c lover .  However,  because  nodules only make up a
small p a r t  of the  whole p lant th is  will only have a small effect  on the  
15 N ab u n d an ce  of the  total plant N.
A p a r t  from the  nodules ,  S h e a re r  e t  aL (1980) found little 
15var ia tion  in 6 N between p lant p a r t s  of soybean ,  w he ther  nodulated
or  n o n -n o d u la t e d , with the  deviation from the  whole plant genera l ly
being 1%Q or less.  However,  th is  still had a signif icant ef fect  on the
15estimate  of P. For example,  the  re spec t ive  6 N values for whole
p lan ts  and shoots  of nodula ted soybean were +3.4 and +2.4%0 (with
re s p e c t  to atmospher ic  N^), while those  for non-nodula ted  soybean
were  +7.0 and +7.4%0, giving P values  of 51.4 and 67.7%. In
c o n t r a s t ,  B e rger sen  and T u r n e r  (1983) found little effect  on P of a
15cons i s ten t ly  h ighe r  N abundance  in roots than in shoots  of 
s u b te r r a n e a n  c lover  and r y e g r a s s  in the  field.
2 .5  Concluding remarks
Before p lan t  b r e e d e r s  can develop legumes with increased levels 
of f ixation and agronomis ts  can es tab l ish  the  importance of
management p rac t ices  on fixa tion,  it is essential  to establi sh  a
reliable method for measuring fixation by legumes in the  field. 
Many ind i rec t  and d i rec t  methods have been used to estimate 
fixat ion by legumes in the  field and each of th e se  have var ious  
a d v a n ta g e s  and d i s ad v an tag es  (see  Table 2 .7 ) .  Although the  ind irec t  
ace ty lene  reduction  method and the  more d i rec t  N di f ference  method 
have  been widely u sed ,  in general  they  do not provide  suff ic iently  
a cc u ra te  estimates of f ixation to enable  r e s e a rc h e r s  to s tu d y  the  
e ffec ts  of management p rac t ices  on fixation by legumes in th e  field
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T a b le  2 . 7 .  S u m m a ry  o f  t h e  a d v a n ta g e s  an d  d i s a d v a n ta g e s  o f  t h e  m e th o d s  f o r  e s t im a t in g  f i x a t i o n  b y  
le g u m e s  in  t h e  f i e l d .
A d v a n ta g e s D is a d v a n ta g e s
1. U re id e  m e thod
: i n e x p e n s i v e  
: r e l a t i v e l y  s im p le
2. A c e t y le n e  r e d u c t i o n  m e thod
: i n e x p e n s i v e  
: s im p le  
: r a p id
: v e r y  s e n s i t i v e
3. R esp o n se  b y  n o n - le g u m e s  
: i n e x p e n s i v e  
: r e l a t i v e l y  s im p le
4. T o ta l  n i t r o g e n  a c c u m u la t io n  
: d i r e c t  
: i n e x p e n s i v e
: s im p le  ( e x c lu d i n g  N b a la n ce  
m e th o d  )
: i n d i r e c t  ( m u s t  e s ta b l i s h  r e la t i o n s h ip  
w i t h  f i x a t i o n ,  w h ic h  m ay v a r y )
: l im i te d  to  a small  g r o u p  o f  legum es
: i n d i r e c t  ( m u s t  e s ta b l i s h  c o n v e r s io n  f a c t o r  f o r  
f i x a t i o n ,  w h ic h  m ay v a r y )
: may i n h i b i t  n i t r o g e n a s e  a c t i v i t y
: d i f f i c u l t  to  m a in ta in  e n v i r o n m e n ta l  c o n d i t io n s  
p e r t a i n i n g  to  t h e  f i e l d
: i n a c c u r a te  a t  low le v e ls  o f  n i t r o g e n a s e  a c t i v i t y  
in  f i e l d  so i ls
: m u s t  i n t e g r a t e  m a n y  s h o r t - t e r m  m e a su re m e n ts
: i n d i r e c t  ( o n l y  m e a su re s  t r a n s f e r  o f  
f i x e d  to  n o n - le g u m e s )
: d i f f i c u l t  to  g e t  s u i t a b le  c o n t r o l  ( c r o p  legum es 
o n l y )
: p l a n t - a v a i l a b i l i t y  o f  f e r t i l i z e r  N and
d e c o m p o s in g  legum e N may d i f f e r  (N  f e r t i l i z e r  
e q u iv a le n c e  m e th o d  o n l y )
: i n c lu d e s  legum e N d e r i v e d  f ro m  soi l 
: m ay  need long  t e r m  s t u d y  
( w h e r e  A so i l  N is m e a s u re d )
5 . D i f f e r e n c e  m e th o d s
: d i r e c t  : r e q u i r e s  s u i t a b le  n o n - N ^  -  f i x i n g
: r e l a t i v e l y  s im p le  r e fe r e n c e  p la n t
: c o r r e c t  f o r  s o i l - d e r i v e d  N : legu m e  an d  re fe r e n c e  p l a n t  m u s t  a b s o rb
th e  same a m o u n t  o f  soil  N
53
T a b le  2 .7  (contdO
A d v a n ta g e s D isa d v a n ta g e
6 .  1 ^N,, m ethod
: d i r e c t  
: a c c u r a t e
7 .  A -v a lu e  & iso tope  d i lu t ion  m eth o d s
: d i r e c t
: p o ten t ia l ly  a c c u r a t e
: can  g e t  y i e l d - i n d e p e n d e n t
e s t im a te  of % N f ixed 
15( N iso tope  d i lu t ion  method 
o n ly )
8. N a tu ra l  a b u n d a n c e  method
: d i r e c t  
15: no N ad d it io n  r e q u i r e d  
: can  g e t  y i e l d - i n d e p e n d e n t  
e s t im a te  of % N f ixed
: v e r y  e x p e n s iv e
: d i f f ic u l t  to  e s ta b l i s h  and  m aintain  
: m u s t  i n t e g r a t e  m any s h o r t - t e r m  m ea su re m e n ts  
: d i f f ic u l t  to  m ainta in  e n v iro n m en ta l  c o n d i t io n s  
p e r ta in i n g  to  th e  field
: e x p e n s iv e
15: r e q u i r e s  a d d i t io n  of N -labelled  com pound  
: r e q u i r e s  su i t a b le  n o n -N ^ - f ix in g  
r e fe r e n c e  p la n t
: legume a n d  r e f e r e n c e  p la n t  m u s t  a b s o r b  
th e  same r e la t iv e  am oun ts  of N from t h e  soil 
soil and  a d d e d  N
: re la t iv e ly  e x p e n s iv e
: r e q u i r e s  su i t a b l e  n o n -N ^ - f ix in g  r e f e r e n c e  p lan t
: i n s e n s i t i v e  if 6 15N .. n e a r s  6 ^ N  .soil a ir
: f ie ld  v a r ia b i l i ty  may be la rg e  
: may h a v e  to  allow fo r  iso top ic  f r a c t io n a t io n  
d u r i n g  a ss im ila tion  of o r  soil N
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( P h i l l i p s  and B e n n e t t  1978).  T h e  iso tope d i l u t i o n  and n a tu ra l
15
N abundance  methods appear  to be the  most  p rom is ing  f o r  s tud ie s  
o f  t h i s  k i n d .
15T h e r e  has been an inc rease  in the  use o f  these tw o  N 
t e c h n iq u e s  in re c e n t  y e a r s ,  p a r t i c u l a r l y  w i th  c rop  legumes such  as 
soybeans ,  b u t  t h e r e  are s t i l l  r e l a t i v e l y  few s tud ies  i n v o l v i n g  p a s tu r e  
le gum es .
15T he  assum pt ions  i n h e r e n t  in these N methods have  been
recogn ized  b u t  t h e r e  have  been no de ta i led  eva lua t ions  o f  t h e i r
im por tance  in the  es t imat ion  o f  f i x a t i o n .  T he  s t u d y  r e p o r t e d  in
15th i s  thes is  examines each o f  the  assum pt io ns  o f  the  N iso tope
15d i l u t i o n  and n a tu ra l  N a bundance  methods and d e te rm ine s  t h e i r  
r e la t i v e  im po r tance  in es t im a t ing  f i x a t i o n  b y  two p a s tu re  legumes.
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CHAPTER 3
MATERIALS AND METHODS
3.1 I n t ro d u c t io n
In th i s  c h a p t e r ,  t h e  ma te r ia ls  and  m e thods  of g en e ra l  u s e  a re  
d e s c r i b e d .  Within each  of t h e  s u b s e q u e n t  c h a p t e r s ,  de ta i l s  spec if ic  
to t h e  e x p e r im e n t s  d e s c r i b e d  in t h o s e  c h a p t e r s  a r e  g iv e n .
3 .2  Soils and  s i te s
A r a n g e  of soils were  u sed  in t h e  s t u d y  on v a r i a b i l i ty  in t h e
15n a tu ra l  a b u n d a n c e  of N in soil N ( C h a p t e r  4) and  th e i r  
c h a r a c t e r i s t i c s  a re  g iven  in T ab le  3 .1 .  P a r e n t  rock  from soils  2 ,3  
and  4 ( i . e .  g r a n i t e ,  sed im en t  and  b a s a l t )  was also co l lec ted ,  by
removing  samples from o u t c r o p s  with in  t h e  a r e a s  in which t h e  soils 
were  s a m p l e d .
In two of t h e  s tu d i e s  on t h e  r e la t iv e  u p t a k e  of ad d ed  N and
in d ig en o u s  soil N by  p la n t s  ( C h a p t e r  10) it was n e c e s s a r y  to u se  a
15soil t h a t  had p r e v io u s l y  been  e n r i c h e d  in N. T h e r e f o r e ,  a s i te  was 
chosen  a t  th e  CSIRO G i n n in d e r r a  Exper imenta l  S ta t io n ,  A u s t r a l i a n  
Capital  T e r r i t o r y ,  t h a t  con ta in ed  p a s t u r e  p lo ts  which had  rece ived  
1.05  kg N ha as NaNO^ (95 atoms % N ) ,  t h r e e  y e a r s  p r e v io u s l y .
T h e  soil was c lass i f ied  as a yel low podzolic soil (Gn 3 .85 ;  N or thco te  
1971) o r  a A n d a q u e p t i c  O c h r a q u a l f  (S leeman 1979). It was located on 
co l luv ium/a lluv ium and  d e r iv e d  from p o r p h y r i t i c  dac i te  (Sleeman 
1979).  In pot  e x p e r i m e n t  4 ( sec t ion  1 0 . 3 . 2 )  t h e  0-100 mm laye r  of 
soil was used  w h e re a s  in th e  soil p rof i l e  e x p e r i m e n t  ( sec t ion  1 0 . 3 . 3 ) ,  
soil from th e  0-100,  100-200 and  200-400 mm la y e r s  was u s e d .
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Most e xpe r im e n ta l  w o r k  i n v o l v e d  t h e  use o f  a ye l low  podzo l ic  
so i l ,  w i t h  t h e  same fe a tu re s  as t h e  soi l  d e s c r ib e d  above ,  located at  
t h e  G in n i n d e r r a  E xpe r im en ta l  S ta t io n .  T h i s  e xpe r im en ta l  s i te  was 
chosen f o r  i t s  h o r i z o n ta l  and v e r t i c a l  u n i f o r m i t y  in soil t e x t u r e .  T he  
0-100 mm soil l a y e r  had a pH o f  6 .04  and to ta l  N c o n c e n t r a t i o n  o f  
0.138%. Soil was co l lec ted  f rom  th e  edges o f  th i s  s i te  f o r  po t  
e x p e r im e n ts  1 and 3, and th e  main area o f  the  s i te  was p r e p a r e d  f o r  
f i e ld  s tud ie s  on f i x a t i o n  w i t h  f o u r  l e g u m e /g ra s s  assoc ia t io ns .
3 .2 .1  Si te p r e p a r a t i o n  f o r  f i e ld  s tu d ie s
T h e  s i te  had p r e v i o u s l y  been used f o r  an e x p e r im e n t  on the
p r o d u c t i v i t y  o f  v a r io u s  g ra s s  spec ies  and had been s u b je c t  to  l i g h t ,
i r r e g u l a r  g r a z in g  b y  sheep .  In O c to b e r  1981, i t  was s p r a y e d  w i th
g ly p h o s a te  to k i l l  e x i s t i n g  v e g e ta t io n  and  the n  c u l t i v a t e d ,  f e r t i l i z e d
w i t h  m o ly b d ic  s u p e r p h o s p h a te  (350 kg ha ) and sown to oats ( Avena
sa t iva  L.  B l a c k b u t t )  to re d uc e  the  level o f  p la n t - a v a i l a b le  soil N p r i o r
to  the  e s ta b l i s h m e n t  o f  the  e x p e r im e n t .  Oat  he rba g e  was removed
w i t h  a f o r a g e  h a r v e s t e r  in J a n u a r y  and  the  s i te  was s p r a y e d  w i t h
p a r a q u a t  in F e b r u a r y  1982, to k i l l  a n y  r e g r o w t h .  Severa l  weeks  la te r
th e  s i te  was i r r i g a t e d  and th e n  g i v e n  a shal low (0 -100  mm)
-1c u l t i v a t i o n .  S u p e r p h o s p h a te  (250 kg ha ) and a so lu t ion  o f  sodium
t e t r a b o r a t e  (5 kg ha ) and sodium m o lyb da te  (240 g ha ) we re  the n  
app l ied  to the  s i te  and i t  was r e c u l t i v a t e d .
On 6 A p r i l  1982, p lo ts  (10 m x  1 .5  m) were  m arked  o u t  in a
randomised  b lo ck  d es ign  w i t h  s ix  r e p l i c a te s  and sown to f i v e  species 
c o m b ina t ions .  T h e  spec ies  used w e re  s u b t e r r a n e a n  c lo v e r  ( T r i f o l i u m  
s u b te r r a n e u m  L. c v .  W o o g e n e l l u p ) , l u c e rn e  ( Medicago sa t iva  L. c v .
S i r i v e r ) ,  annual  r y e g r a s s  ( Lol ium r i g i d u m  G a v d in .  c v .  Wimmera) and
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p h a la r i s  ( Pha la r is  aqua t i ca  L. c v .  S i ro s a )  sown at  10 .9 ,  9 .1 ,  6 .2  and
10.3 kg ha r e s p e c t i v e l y  in t h e  f o u r  l e g u m e /g ra s s  co m b ina t io ns .  
R y e g r a s s - o n l y  p lo ts  we re  also p r e p a r e d .
3 .3  A n a ly t i c a l  p ro c e d u re s
3 .3 .1  M easurement  o f  soil pH
Soil (10 g )  was shaken  w i th  50 ml o f  C O ^ - f r e e  w a te r  f o r  one 
h o u r  and the  pH o f  the  suspens ion  was d e te rm ine d  w i th  a g lass 
e lec t rode /ca lom e l  e le c t rod e  assembly  and m i l l i v o l t  me te r .
3 . 3 . 2  N i t ro g e n  a na lys is
Al l  e x t r a c t s  and samples o f  p la n t  and soil to  be ana lysed  f o r  N
were  c o n v e r t e d  to ammonium-N ( N H *  - N )  and s u b s e q u e n t l y  ana lysed  
15f o r  N. T h e r e f o r e ,  ca re  was tak e n  to  avo id  con tam ina t ion  o r  i so top ic  
f r a c t i o n a t i o n  d u r i n g  N a n a ly s is ,  as o u t l i n e d  in t h e  fo l l o w in g  sec t ions .  
3 .3 .2 .1  To ta l  n i t r o g e n  in p la n t  mater ia l  
P lant  samples w e re  o v e n - d r i e d  at  70°C f o r  48 h o u r s ,  w e ighed  
and g r o u n d  to a v e r y - f i n e  p o w d e r  in a N . V .  Tema p u c k  mil l  
( S ie b te c h n i k  GmbH, M ü lh e im ,  G e r m a n y ) .  T h e y  were  the n  s to r e d  in 
s to p p e re d  g lass v ia ls  and r e d r ie d  p r i o r  to  a n a ly s is .  O v e n - d r y  
samples c o n ta in in g  a b o u t  1 mg N were  a c c u r a t e l y  w e ig hed  and p laced 
in P y re x  t e s t - t u b e s  w i t h  4 ml o f  d ig e s t io n  m i x t u r e  and hea ted  at  
310°C in a b lock  d i g e s t e r .
T he  d ig es t io n  m i x t u r e  was p r e p a r e d  b y  h ea t ing  1 I H^SO^,  100 g 
K^SO^ ( t o  e leva te  th e  b o i l i n g  p o in t  o f  t h e  m i x t u r e )  and 1 g p ow de re d  
Se ( t o  ac t  as a c a t a l y s t )  at  250-300°C f o r  3 -4  h o u rs  u n t i l  c lea r  
( B e r g e r s e n  1980).  A f t e r  co o l in g ,  25 g s a l i c y l i c  acid was added  to 
e n s u re  complete  c o n v e rs io n  o f  n i t r a t e  ( N O ^ )  in the  p la n t  ma ter ia l  to 
NH* ( B r e m n e r  1965a).
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T h e  s a l ic y l ic  acid m o d if ica t io n  o f  th e  c o n v e n t io n a l K je ldah l method 
was se lec ted  a f t e r  com par ing  i t  w i th  th e  re d uce d  iro n  m o d if ica t io n  o f 
Goh (1 9 7 2 ) .  To ta l N in 15 mg o f  p la n t  m a te r ia l ,  w i th  and w i th o u t  th e  
a d d i t io n  o f  140 pg NO^ -N ,  was d e te rm in e d  b y  th e  c o nve n t ion a l 
K je ld a h l method o r  as m od if ied  w ith  s a l ic y l ic  acid o r  reduced  i r o n .  
R e c o v e ry  data p re s e n te d  in T a b le  3 .2 ,  show th a t  bo th  m od if ied  
m e thods  inc reased  re c o v e ry  o f  N O ^-N  and th a t  th e  to ta l  N c o n te n ts ,  
as d e te rm in e d  b y  these  tw o  m e thods , w ere  n o t  s ig n i f i c a n t ly  d i f f e r e n t .  
T h e  s a l ic y l ic  acid m o d if ica t io n  was chosen f o r  s u b s e q u e n t  ana lyses 
because  re s u l ts  o b ta in ed  w ith  th is  method w ere  less v a r ia b le  than  
tho se  o b ta in e d  w ith  th e  re d uce d  i ro n  m o d if ic a t io n  (T a b le  3 .2 ) .
I t  has been shown (M cK enz ie  and Wallace 1954; B re m n e r 1960) 
t h a t  te m p e ra tu re  is th e  most im p o r ta n t  fa c to r  c o n t ro l l in g  d ig e s t io n .  
T h e r e fo r e ,  to  e n s u re  com plete  c o n v e rs io n  o f  o rg a n ic  N to  N H *-N  and 
to  a vo id  loss o f  N H ^, th e  te m p e ra tu re  o f th e  d ig e s t io n  m ix tu re  was 
m a in ta in e d  a t 310°C and th e  top s  o f  th e  te s t - tu b e s  w ere  covered  w ith  
g lass  fu n n e ls  to  p r e v e n t  loss o f  a c id .  D ig e s t ion  was c o n t in u e d  u n t i l  
V 'z  h o u rs  a f t e r  th e  m ix tu re  had c le a re d .  T h e  d ig e s te d  samples w ere  
th e n  cooled and sealed to  avo id  a b s o rp t io n  o f  NH^ from  the  
a tm o s p h e re .
T w o  re a g e n t  b la n k s  ( i . e .  w i th  no p la n t  m a te r ia l)  w ere  d ig e s te d  
w i th  each se t o f  48 samples so t h a t  a llowance cou ld  be made f o r  any  N 
p re s e n t  in th e  re a g e n ts  (B e rg e rs e n  1980). W ith in  an e x p e r im e n t ,  tw o  
re p l ic a te s  o f  one sample w e re  also re p e a te d ly  ana lysed  w ith  each se t 
o f  48 samples to ch eck  f o r  poss ib le  v a r ia t io n  in  iso tope  com pos it ion  o f 
N w i th  t im e .
S te a m -d is t i l la t io n  was used to  re c o v e r  NH^+ from  th e  d ig e s t io n  
m ix tu r e .  T h is  in v o lv e d  t r a n s f e r r i n g  th e  d ig e s t  q u a n t i ta t i v e ly  to  a
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T a b l e  3 . 2 .  E f f e c t  o f  m e t h o d  o f  a n a l y s i s  on t h e  r e c o v e r y  o f  N O^-N
in t h e  K je ld a h l  m e th o d  f o r  t o t a l  N d e t e r m i n a t i o n  in  p l a n t  
m a t e r i a l .  Each v a l u e  is t h e  mean o f  f o u r  r e p l i c a t e s  and  v a l u e s  
in b r a c k e t s  a r e  s t a n d a r d  e r r o r s .
_______ T o t a l  n i t r o g e n _____
(Mg N )
no a d d e d  + 140 pg
N NO~ -N
% r e c o v e r y  
o f  a d d e d  
NO~ - N
C o n v e n t i o n a l  K je ld a h l 815 ( 6) 883 ( 1 5 ) 49
S a l i c y l i c  ac id 810 ( 4) 937 ( 2) 91
R e d u c e d  i r o n 813 ( 1 3 ) 945 ( 7 ) 94
S . E . D . 11 13 12
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steam distil lat ion f lask ,  adding  20 ml 10 H NaOH, connecting the  flask  
to the  g lass  dist il lation a p p a r a tu s  and collecting the  dist i l late in 10 ml 
1% boric  a c i d .
It has been s u g g es te d  t h a t  a s ta in less  steel disti llation unit  
should be used to p r e v e n t  adsorp t ion  of NH* to the  walls of the  still 
(B u re sh  e t  aL 1982). To t e s t  th is  su g g es t io n ,  a p lant d ig e s t ,  at 
na tu ra l  abundance  of N, was analysed for NH^-N in an a ll -g lass  
uni t  or  in a s ta in less  steel unit  and v a ry in g  volumes of dist i l late were 
collected.  The  re su l t s  (F ig .  3 .2 )  show t h a t  t h e re  was no ad v an tage  
in using s ta in less  steel and t h a t  40 ml of dist i l la te  was suff ic ient to 
avoid isotopic f rac tionation of N. However,  to e n su r e  complete 
recovery  of N and to avoid contamination between samples,  80 ml of 
dis t i l late was collected for all samples ,  as s u g g es te d  by T u r n e r  and 
B ergersen  (1981).
15Whenever samples with g rea t ly  d i f f e r en t  N enr ichment were to
be ana lysed ,  samples of unenr iched  (NH^).-,SO^ (analytical  r e a g e n t ,
B .D .H .  chemicals, A ust ra l ia )  were f i r s t  dist il led to desorb  any
prev ious ly  adsorbed  NH^ -N and t h u s  p r e v e n t  cross-contamination
(R eede r  e t  aL 1980). Problems with cross-contamina t ion  were only
encoun te red  when highly  N-enr iched  samples ( e . g .  fe r t i l ize r  N at
10-90 atoms % 15N) were dist il led immediately pr io r  to samples of low
15enr ichment  or at  na tura l  abundance  of N.
To check t h a t  t h e r e  was no isotopic fractionation du r ing  the
digest ion and dist i l lat ion p r o c e d u re s ,  samples of unen r ich ed
15
( N H ^ ^ S O ^  from a bulk solution were analysed for N and compared 
with samples t h a t  had been d iges ted  and dist il led or disti lled only .  
The  re su l t s  (Table  3 .3 )  show th a t  t h e r e  was no isotopic f rac tionation 
of N d u r ing  digest ion or dist i l lat ion.
F i g u r e  3 . 1 .  E f f e c t  o f  s t i l l  m a te r i a l  ( s t a i n l e s s  s tee l  Q - .. %  ;
g la s s  O  —  O  ) a n d  v o lu m e  o f  d i s t i l l a t e  c o l l e c t e d  on a )  
t h e  a m o u n t  o f  n i t r o g e n  c o l l e c t e d  a n d  b )  i t s  i s o t o p i c  
c o m p o s i t i o n .  Each v a l u e  is t h e  mean o f  t h r e e  r e p l i c a t e s  
a n d  b a r s  r e p r e s e n t  a v e r a g e  S . E . D . ' s .
N 
(%
o
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800 r
4.0 r
Disti l late collected (ml)
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T a b le  3 .3 .  E f fe c t  o f  d ig e s t io n  a n d /o r  d is t i l la t io n  o f a sample o f
ammonium s u lp h a te s o lu t io n  on th e *15., o N (w i th  re s p e c t to
ammonium s u lp h a te r e f e r e n c e ) . Each va lue is the  mean o f
f o u r  re p l ic a te s .
d is t i l le d  d ig e s te d  &
sample sample d is t i l le d  S . E . D .
sample
615N(%0) 1.257 1.292 1.105 0.155
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T h e  amount  of  N H 4+-N in the  d is t i l l a t e  was d e te rm ine d  by
p o te n t i o m e t r i c  t i t r a t i o n  w i t h  0.01 N_ HCI.  One d ro p  o f  1% H^SO^ was
th e n  added to reduce  the  pH o f  the  t i t r a t e d  d is t i l l a t e  to abou t  4 .0 ,  to
e n s u re  no NH^ loss o c c u r r e d  d u r i n g  c o n c e n t r a t io n  o f  the  so lu t ion  to
a bo u t  2 ml b y  b o i l i n g .  T h e  so lu t ion  then  con ta ined  abou t  1 mg N
ml . T h e  f l a s k  c o n ta in in g  the  co n c e n t ra te d  sample was sealed w i th  a
r u b b e r  s t o p p e r ,  to p r e v e n t  a b s o rp t io n  o f  a tm osphe r ic  NH^ ,  u n t i l
15ana lysed  f o r  N .
3 . 3 . 2 . 2  To ta l  n i t r o g e n  in soil
A i r - d r y  soil samples were  g r o u n d  to pass t h r o u g h  a 0 .125 mm 
a p e r a tu r e  s ieve and ana lysed  f o r  tota l  N by  a s a l i c y l i c  acid
m od i f i ca t ion  o f  m a c ro -K je ld a h l  method ( B r e m n e r  1965a).
Soil samples c o n ta in in g  a bou t  10 mg N were  a c c u r a te l y  w e ighed  
and placed in 450 ml K je ldah l  f l a s k s  w i th  40 ml o f  sa l i c y l i c  ac id :
H^SO^ (25 g : 1 1 )  m i x t u r e ,  s to p p e re d  and le f t  o v e r n i g h t .  F ive g
sodium th i o s u lp h a te  (< 20 mesh) was then  added and the  m i x t u r e
c a u t io u s l y  heated u n t i l  f r o t h i n g  ceased.  F lasks  were  then  cooled and 
10 g K2SC>4 , 1 g C uS O 4 .5 H 20, 0.1 g Se and 10 ml co n c e n t ra te d  H2S 0 4
were  added .  T h e  m ix t u r e  was the n  heated at  310°C u n t i l  t he  d ig e s t
t u r n e d  a pale ye l low  c o lo u r ;  the  d ig es t io n  was then  c o n t in u e d  f o r  a
f u r t h e r  f i v e  h o u r s .  T h e  d ig es te d  samples were  cooled ,  made up  to
vo lume (400 ml)  w i t h  d i s t i l l e d  w a te r  and s t o p p e r e d .  F o r t y  ml a l iq uo ts  
were  s te a m -d is t i l l e d  w i th  25 ml o f  10 N_ NaOH and p r e p a r e d  f o r  
i so top ic  ana lys is  as f o r  the  p la n t  samples.
T h i s  method f o r  to ta l  N d e te rm in a t io n  was selected a f t e r  
compar ison  w i th  a re d uce d  i ro n  m od i f i ca t ion  o f  the  K je ldah l  method 
(Goh 1972).  R e c o v e ry  o f  N O ^ - N  and s e n s i t i v i t y  were  fo u n d  to  be 
s u p e r i o r  w i th  the  s a l i c y l i c  ac id m od i f i ca t ion  ( T a b le  3 . 4 ) .
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3 . 3 . 2 . 3  To ta l  n i t r o g e n  in ro cks
Rock samples were  m echan ica l l y  c ru s h e d  and g r o u n d  to a f i n e  
p o w d e r  in a N . V .  Tema p u c k  m i l l .
Samples c o n ta in in g  a bo u t  10 mg N were  we ighed  and d ig es ted  in 
450 ml K je ldah l  f l a s k s  w i t h  10 g K2S 0 4 , 1 g CuSC^.Sh^O,  0.1 g Se 
and 40 ml c o n c e n t r a te d  H2S 0 4 at  310°C f o r  12 h ou rs  a f t e r  the  m ix t u r e  
had t u r n e d  y e l lo w .  F o r t y  ml a l iq uo ts  were  then  steam d is t i l l e d  w i th
25 ml 10 N_ NaOH and p r e p a r e d  f o r  i so top ic  ana lys is  as f o r  the  p la n t
sam p les .
3 . 3 . 2 . 4  I n o r g a n i c  n i t r o g e n  in soil
I n o rg a n i c  N in soil samples was e x t r a c te d  w i t h in  s ix  h ou rs  of
co l le c t ion ,  to minim ise m in e ra l i za t io n  o f  o rg a n ic  N. When the
-1in o r g a n ic  N c o n c e n t r a t i o n  was v e r y  low ( e . g .  < 10 pg N g o v e n - d r y
s o i l ) ,  soi ls w e re  e x t r a c t e d  b y  s h a k in g  150 g soil w i t h  450 ml 0 .3  N_
KCI f o r  one h o u r  and c e n t r i f u g i n g .  T he  s u p e r n a ta n t  was then  passed
t h r o u g h  Whatman N o . 42 f i l t e r  p ap e r  and evap o ra te d  to 50 ml in
p re p a r a t i o n  f o r  d i s t i l l a t i o n  ( B la c k  and War ing  1977).
When soi ls had a low i n o r g a n ic  N c o n c e n t r a t io n  b u t  were
15 15e n r i c h e d  in N ( e . g .  f o l l o w in g  a d d i t i o n  o f  N e n r i c h e d  f e r t i l i z e r ) ,
sma l le r  soil samples we re  used and a known amount  of  u n e n r i c h e d
( N H 4 ) 2SC>4 o f  known i so top ic  compos i t ion  was added to the  e x t r a c te d
in o r g a n ic  N as a c a r r i e r  p r i o r  to i so top ic  ana ly s is .  These  
15 N - e n r i c h e d  soi ls  w e re  e x t r a c t e d  b y  s h a k in g  50 g soil w i th  150 ml 2 
KCI f o r  one h o u r  and c e n t r i f u g i n g .  T h e  s u p e r n a ta n t  was then  
f i l t e r e d  t h r o u g h  Whatman N o . 42 p ap e r  p r i o r  to d i s t i l l a t i o n .  T h i s  
e x t r a c t i o n  p r o c e d u r e  was also used when soil samples exceeded 10 pg 
i n o r g a n ic  N g ( e . g .  soi ls  t h a t  had been i n c u b a t e d ) .
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To avoid contamination by NH^+-N p re s e n t  in the  fi l ter  p a p e r s  
(B u re sh  et  aL 1982), t h e se  were pre leached with 50 ml 2 N KCI 
before  use .
The steam-dis ti l la t ion p ro c e d u re  of Bremner and Keeney (1965)
was used to recover  NH^-N and NC^-N plus NO^-N from th e  soil
e x t r a c t s .  Ammonium-N was disti lled from the  soil e x t r a c t s  us ing MgO
(6 ml 12% w /v  suspens ion  in disti lled w a te r ) ,  and the  dis t i l late was
collected in 10 ml of 1% boric acid as for total N analysis (see  section
3 . 2 . 2 . 1 . ) .  Af te r  the  NH^+-N had been completely removed, 2 g
D evarda 's  alloy (45% AI, 50% Cu,  5% Zn; < 0.125 mm part ic le  size)
— -  +
was added to the  alkaline suspens ion  to reduce  NO^ and NO^ to NH^,
and the  dist i llat ion was continued until a f u r t h e r  80 ml of dis t i l la te
+
had been collected.  For the  determination of total inorganic  N (NH^ +
NC>2 + NO^),  th e  MgO and D evarda 's  alloy were both added at  the
beginning  of the  dis t i l la t ion.  Prepara tion  of samples for isotopic
analysis  was as desc r ibed  for p lan t material.
3 . 3 . 2 . 5  Chemical f rac tionation of soil n it rogen
Soil N was f rac t iona ted  into fulvic acid,  humic acid and humin
(Kononova 1966).  To achieve th is  a mix ture  of soil and 0.1 N_ NaOH
(1:10)  was shaken  for one hour  at  20°C. The mix ture  was then
cen t r i fuged  at  1250 £  for 30 minutes to sep a ra te  the  re s idue  (humin)
from the  s u p e r n a t a n t ,  which was decan ted  th ro u g h  a p re - leached
Whatman No. 42 f i l te r  pap e r  to remove floating d e b r i s .  The f i l t ra te
was ad jus ted  to pH 1.0 with H2SC>4 , left to s tand  for t h r e e  hou rs  and
cen t r i fuged  at  1250 £  for 20 minutes  to s epa ra te  the  p rec ip i ta te
(humic acid) and s u p e r n a t a n t  (fulvic  ac id ) .  The s u p e r n a t a n t  was
decan ted  into a beak e r  and reduced  in volume by boiling.  All t h r e e
frac t ions  were then  d iges ted  (conventional Kjeldahl method),  dist i l led 
15and p re p a red  for N analys is  as for total soil N.
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3 . 3 . 2 . 6  Phys ica l  f r a c t i o n a t i o n  o f  soil n i t r o g e n
Soi ls w e re  sepa ra ted  in to  d i f f e r e n t  p a r t i c l e  size f r a c t i o n s  b y
d is p e rs i o n  in w a te r ,  s ie v in g  and c e n t r i f u g a t i o n .  A s o i l : w a t e r  m i x t u r e
( 1 : 1 0 )  was d i s p e rs e d  in w a te r  w i th  the  aid o f  an u l t r a s o n ic  v i b r a t o r
(Watson and Parsons 1974) and passed t h r o u g h  a 53 pm s ieve  to
sepa ra te  t h e  sa n d -s iz e d  f r a c t i o n .  T h e  f i l t r a t e  was then  c e n t r i f u g e d
at  61 ^  ( c a lc u la te d  at  top  o f  the  sed im en t )  f o r  6 m inu tes  to sepa ra te
th e  s i l t - s i z e d  (2 -53  pm) and c la y -s iz e d  (< 2 pm) f r a c t i o n s  ( G e n r i c h
and B re m n e r  1974).  T h e  t h r e e  f r a c t i o n s  were  a c id i f ied  w i th  H^SO^,
re d uce d  in vo lume b y  b o i l i n g ,  d iges ted  (co n v e n t io n a l  K je ldah l
15m e th o d ) ,  d i s t i l l e d  and p r e p a r e d  f o r  N ana lys is  as f o r  tota l  soil N.
3 .3 . 3  ana lys is
+ -1T h e  c o n c e n t r a te d  N H ^ - N  ( 0 . 5 - 1 . 5  mg N ml ) samples p r e p a r e d
fo l lo w in g  d ig e s t i o n ,  d i s t i l l a t i o n  and t i t r a t i o n ,  were  c o n v e r te d  to f o r
15mass s p e c t ro m e t r i c  N ana lys is  b y  a mod i f ied  R i t t e n b e r g  t e c h n iq u e ,  
as d e s c r ib e d  b y  B e r g e rs e n  (1 980 ) .  Care  was taken  at  all s tages to 
e n s u re  comp le te  c o n v e rs io n  o f  sample N to N H * - N  and then  to  so 
t h a t  t h e r e  was no i so top ic  f r a c t i o n a t i o n .
A R i t t e n b e r g  vessel  has two  l imbs jo ined  in an i n v e r t e d  Y - s h a p e ;  
one c o n ta in in g  the  a c id i f i e d  NH *  sample and the  o th e r  c o n ta in in g  2 ml 
o f  a lka l ine  N a O B r .  T h e  a lka l ine  N aO Br  was p r e p a re d  b y  d i s s o l v in g  8 
ml o f  b rom ine  in 70 ml o f  d i s t i l l e d  w a te r  and c h i l l i n g  in ice.  F o r t y  ml 
o f  NaOH so lu t ion  ( p r e p a r e d  b y  m ix in g  29 g NaOH w i th  40 ml d i s t i l l e d  
w a t e r )  was th e n  added to the  b rom in e  s o lu t i o n .  A lk a l in e  N aO Br  
p r e p a re d  in t h i s  way  lasted  2 -4  days  and d id  no t  r e s u l t  in p rob lem s  
due  to  O2 e v o lu t io n  ( i . e .  2N aOB r  -> 2N a B r  + 0^ )  as fo u n d  b y  o th e r s  
( e . g .  B re m n e r  1965b) .
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Key s teps  in the  s u b se q u e n t  p ro c e d u re  were tho rough  degass ing
of sample and re a g en t  solutions u n d e r  vacuum and d ry in g  of the
sample before  e n t r y  into the  mass spec t rom e te r ,  because  and water
vap o u r  can cause  ins tabil i ty  of ionisation in the  mass spec t rometer
and can lead to e r roneous  changes  in the  mass 28 and 29 signals
(B rem ner  e t  aL 1966; Martin and Ross 1968).
The  R i t tenberg  vessel  was a t tached  to a vacuum line and
evacua ted  to remove a i r ,  including th a t  dissolved in the  reagen t  or
sample.  Care was taken  d u r in g  evacuation to avoid the  reagen t
sp lash ing  over  into the  sample.  This  would re su l t  in isotopic
frac tionation due  to some loss of N from th e  sample. The N remaining
15would have a h ig h e r  N concen tra t ion  than  th a t  in the  original
sample.  After about  15 minutes evacuation the  stopcock on the vessel 
was closed so t h a t  the  vessel  remained u n d e r  vacuum and the reagen t  
and sample was mixed to g e th e r ,  r e su l t ing  in the  following reaction 
(B rem ner  1965b):
3 NaOBr + 2NH3 -> N2 + 3 NaBr + 3H20.
For the  reaction to go to completion th e  mix ture  must be alkaline.
When th e re  was too large an excess  of acid in the  NH^ sample,  th is
15reaction was incomplete and a low N concen tra t ion  re su l ted .
The  R i t tenberg  tu b e  was then  a t tached  to the  inlet of the  isotope 
ratio mass spec t rom ete r  (Micromass 903E; VG Isogas,  Middlewich, 
C h esh i re ,  U. K. )  equ ipped  with a double  inlet system ( for  sample and 
re fe ren ce )  and t r ip le  collector pla tes  ( fo r  mass 28, 29 and 30).
Before admission of the  sample into the  mass s p e c t ro m e te r , the  
limbs of the  R i t tenberg  vessel  were immersed in a d ry - ice /e th an o l  
mix ture  ( t e m p e ra tu re  approximate ly  - 80°C) to freeze  out any
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c o n ta m in a t i n g  h i g h e r  ox ides  o f  N,  w a te r  and b rom ine .  B re m n e r  
(1965b)  recommended the  use o f  l i q u id  in t h i s  s tep .  H ow ever ,  i t  
has been f o u n d  ( B e r g e r s e n  1980) t h a t  l i q u id  re duces  the  amount  
o f  gas ,  p r e s u m a b ly  b y  a d s o rp t i o n  on ice c r y s t a l s  ( e . g .  M a r t in  and 
Ross 1968) and t h i s  can cause i so top ic  f r a c t i o n a t i o n .
Whi le t h e  re ac ted  sample was be ing  f r o z e n ,  the  connec t ion  
between th e  R i t t e n b e r g  vessel  and the  mass s p e c t ro m e te r  was pumped 
o u t  w i th  t h e  i n le t  vacuum  system o f  t h e  mass s p e c t r o m e t e r . The  l ine 
to t h e  vacuum  pumps was the n  c losed and the  sample was
e xpa n de d  in to  t h e  sample r e s e r v o i r .  T h e  l ine to the  R i t t e n b e r g  
vessel  was then  c losed .  A n y  a i r  leakage o r  w a te r  v a p o u r  p r e s e n t  
g e n e r a l l y  causes the  mass 28 s igna l  to inc rease  o r  decrease ,
r e s p e c t i v e l y .  When th i s  o c c u r r e d ,  the  sample was immed ia te ly  pumped 
o u t  and a n o th e r  sample was p re p a r e d  and i n t r o d u c e d .  A n o t h e r  check  
f o r  leakage was to scan th e  sample f o r  mass 32 ( o x y g e n )  and mass 40 
( a r g o n )  peaks .  T h e  p resence  o f  o x y g e n  alone cann o t  be used as a 
measure  o f  a tm o s p h e r i c  con tam ina t ion  because decompos i t ion  o f  NaOBr  
can also lead to t h e  p r o d u c t i o n  o f  o x y g e n  (as d iscussed  a b o v e ) .
A so lu t ion  o f  ( N H ^ ^ S O ^  (a n a ly t i c a l  r e a g e n t ,  B . D . H .  chemicals ,
_ -j
S y d n e y )  c o n ta in in g  1 mg N ml was used as a r e fe r e n c e .  T h is  was 
p r e p a r e d  in b u l k ,  because th e  is o top ic  compos i t ion  o f  i n d i v id u a l
c r y s t a l s  can d i f f e r  ( T u r n e r  and B e r g e r s e n  1981),  and f ro z e n  in 15 ml 
q u a n t i t i e s  u n t i l  r e q u i r e d .  T h e  ( N H ^ ^ S O ^  re fe re n c e  was c o n v e r te d  to 
N£,  as d e s c r ib e d  above ,  and e xpa n de d  in to  the  re fe re n c e  r e s e r v o i r  of  
t h e  mass s p e c t r o m e t e r .
T h e  mass 28 s ig n a ls  o f  t h e  re fe r e n c e  and sample were  then
equa l i sed  b y  a d ju s tm e n t  o f  the  vo lu m e  o f  re fe r e n c e  and sample
r e s e r v o i r s  o f  t h e  mass s p e c t r o m e t e r . I so top ic  d e te rm in a t io n  i n v o lv e d
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a l te rna t ing  the  inpu t  of sample and re fe rence  to the  ana lyse r  of the
mass spec t rom e te r  (via an automatic changeove r  valve)  six times to
obtain a measurement  of the  isotopic composition of the  sample re la tive
to the  r e f e r e n ce .  Bremner  (1965b) ,  Hauck and Bremner  (1976),
B erg e r sen  (1980) and B uresh  e t  aL (1982) provide  details  of the
func t ioning  of a mass s p e c t r o m e te r .
To p r e v e n t  contamination of one sample with ano ther  by ho ld -up
of N in th e  mass spec t rom ete r  inlet  system, a suff ic iently  long
pumping per iod was used  between samples .  Also, ba tches  of samples
with a similar isotopic composition were analysed consecutively .  When
samples with a range  in isotopic composition were being ana lysed ,
15th e y  were always run  in o r d e r  from lowest to h ighes t  N a bundance
d u r in g  both dist i llat ion and isotopic ana lys is .
Contamination can also occur  due  to mixing of sample and
re fe rence  gases  in the  c h an g e -o v e r  va lve  due to sea t  leakage.  This
was found to be in s ign if ican t ,  e x cep t  when changing  from an 
15 N -enr iched  to a na tu ra l  ab u n d an ce  sample; th is  re su l t s  in an
15underes t imat ion  of the  N abundance  of the  la t te r .  In th is  case ,  a
longer pum ping -ou t  per iod and a new re fe rence  gas were u sed .
14 14 14 15The to be analysed  occurs  as mass 28 ( N N),  29 ( N N) 
15 15and 30 ( N N) and th e  re la tive  number  of the se  atoms occur  in th e
2 2 14p ropor t ions  p : 2pq : q , where  p and q are  the  number of N
15and N atoms re sp ec t iv e ly .  The ratio ( r )  of the  mass 29 and 28 
signals is measured  and can be desc r ibed  by
r = mass 29/mass 28 = 2 p q /p ^  = 2 q / p .  (23)
The propor t ion  of atoms of the  total ( 14N + ^ N )  is commonly
given as
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atoms % 15N = 1 0 0 q / ( p  + q ) .  
B y  r e a r r a n g i n g ,  t h i s  can be w r i t t e n  as 
atoms % = 1 0 0 r / ( 2  + r ) .
(24 )
(25 )
15,A t  the  level  of  n a tu ra l  abu n da n ce  o f  N,  the  fo l l o w in g
e x p r e s s io n  was used :
6 ^ N  = 1000 ( r  | - r  ) / r  ,sample re fe r e n c e  re fe ren ce (26 )
How ever  6 N va lu es  are commonly  g iv e n  w i th  re sp ec t  to a tm osphe r ic
15and t h e r e f o r e  t h e  6 N o f  t h e  ( N H ^ ^ S O ^  re fe re n c e  so lu t ion  was
compared  w i th  t h a t  o f  o x y g e n - f r e e  a tm osphe r ic  N^,  wh ich  was
p r e p a r e d  as fo l low s  ( G . L .  T u r n e r ,  u n p u b l i s h e d ) :  1 ml 10 N NaOH
and 0 .15  mg Na^S^O^ were  p laced in e i t h e r  l imb o f  a R i t t e n b e r g
ve sse l ,  evacua ted  on a vacuum  l ine ,  a d jus te d  to 0.1 atm a i r ,  mixed
15and le f t  to  s tand  f o r  one h o u r  be fo re  N a na lys is .
15 15T h e  r e la t i o n s h ip  between ö N and atoms % N is ob ta ined  b y  
r e a r r a n g i n g  equa t ion  26 to g iv e
r sample ’  r standard ^  + ^ X a m p l e ' ' 1000^ (27)
Now r s -(-a n c j a r c j ( w h e r e  th e  s t a n d a r d  is O ^ - f r e e  a tm osphe r ic  N^)  can be
15
ca lc u la ted  f rom equ a t ion  25 f o r  a tm os p h e r i c  b y  mak in g  atoms % N 
= 0.3663 ( J u n k  and Svec  1958) and r e a r r a n g i n g .  Then
= 2 x 0.3663
standard 100 - 0.3663 0.0073529. (28)
15 1 5 .T h u s ,  the  r e la t i o n s h ip  between 6 N and atoms % N is ob ta ined  b y  
s u b s t i t u t i n g  f rom e qu a t io n s  27 and 28 in to  equa t ion  25, f o r  the  sample 
to g iv e :
15 100 x 0.0073529 [1 + (S15N , /1000)] , ? q )
atoms % lbN . = -------------------------------------- , samP le------------ •
sample 2 + o .0073529 [1 + (S bN 1 /1000)]
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15The re p r o d u c ib i l i t y  of  N ana lysis is i l lu s t ra ted  by the va r ia t ion
obtained in ana lys ing  rep l ica tes of  a s ingle sample (Tab le  3 .5 ) .  Th is
v a r ia b i l i t y  is due, at least in p a r t ,  to the d i f f i c u l t y  in ob ta in ing  a
rep resen ta t ive  subsample and to e r ro rs  in sample p repa ra t ion .  Some
ind ica t ion  o f  the  potent ia l  e r r o r  associated w i th  the mass spect rometer
was obta ined when a sample of  was equ i l ib ra ted  between the
sample and re fe rence rese rvo i rs  of  the mass spect rometer  and 
15ana lysed;  6 N values of  up to ±0.03%o were recorded.
15The d a y - t o -d a y  v a r ia b i l i t y  in N analysis (Tab le  3 .6 )  was found 
to be l i t t le  more than th a t  f o r  a sample analysed w i th in  one day  
(compare Tables 3.5 and 3 .6 ) .
3 .3 .4  Ace ty lene reduc t ion  assays
The e f fec t  of  low rates of  N add i t ion on f ixa t ion  by
sub te r ranean  c lover  (C h a p te r  7) was examined by  re g u la r  
n o n -d e s t ru c t i v e  acetylene reduc t ion  assays conducted in spec ia l ly  
cons t ruc ted  assay vessels (Plate 3 . 1 ) .  The vessels were made 
g a s - t i g h t  by  seal ing the  d ra in in g  hole w i th a r u b b e r  s topper  and 
connect ing the perspex  top to the vessel  w i th  vacuum grease and 
adhesive tape (Plate 3 . 1 ) .  D u r ing  the assays, C^H^ and p ropy lene  
(C^Hg)  were in jected in to  the  vessel t h ro u g h  the subaseal in the  side 
po r t  of  the vessel and gas samples were col lected th ro u g h  the 
subaseal in the perspex  top.
In the f ie ld ,  two acetylene reduc t ion  methods were used to 
examine N0 f i x a t ion  associated w i th  ryeg rass  (C ha p te r  8 ) .  The closed 
system invo lved the col lect ion of  f i f teen  soil cores (30 mm d iameter x 
800 mm lo ng ) .  These were placed in an assay vessel ,  cons is t ing  of  a 
2 I p last ic ja r  w i th  a screw-on p las t ic  l id.  The l id had a hole into 
which a subaseal was inse r ted .  Several layers  of  th in  p las t ic
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15T a b l e  3 . 5 .  R e p r o d u c i b i l i t y  o f  a n a l y s e s  f o r  6 N [ i n  %Q w i t h  r e s p e c t  
t o  an ( N H ^ ^ S O ^  s t a n d a r d ]  in  p l a n t  and  soi l  n i t r o g e n .
P la n t  Soi l
T o t a l  N T o t a l  N I n o r g a n i c  N
1 .886 6 .153 1 .3 54
2 .026 5 .7 5 8 0.991
2 .1 02 6 .1 7 8 1 .8 38
2 .1 42 5 .4 5 3 1 .030
1 .900 5 .7 7 8 1 .769
2 .255 5 .597 0 .606
Mean 2 .052 5 .8 2 0 1 .265
S.  E. 0 .0 59 0 .1 2 0 0 .196
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T a b l e  3 . 6 .  V a r i a t i o n  in t h e  6 ^ N  ( i n  %Q w i t h  r e s p e c t  to  
( N H ^ ^ S O ^  s t a n d a r d )  o f  t o t a l  p l a n t  n i t r o g e n  w h e n  a n a l y s e d  
d i f f e r e n t  d a t e s .
2 .7 0 9
2 .7 7 7
3 . 0 5 4
2 . 5 7 6
3 . 2 1 3
3 . 4 0 3
Mean 2 . 9 5 5
S. E. 0.131
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( ' C l i n g w r a p 1) w e re  p laced o v e r  t h e  top  o f  the  j a r  be fo re  a p p l y i n g  the  
l i d ,  to  t r y  to  m a in ta in  a g a s - t i g h t  seal .  In the  i_n s i t u  open sys tem ,  
tw e lv e  metal c y l i n d e r s  (124 mm d ia m e te r ,  200 mm long ;  Roper 1984) 
we re  d r i v e n  in to  t h e  g r o u n d  ( t h r e e  weeks be fo re  the  assay d a te )  so 
t h a t  50 mm e x te n d e d  above th e  soil s u r f a c e .  Be fo re  commenc ing the  
assay ,  metal p la tes  w e re  bo l ted  to the  r u b b e r - g a s k e t - l i n e d  f la nges  at  
t h e  top  o f  t h e  metal c y l i n d e r s .  Each metal cap con ta ined  a v e n t  in to  
w h ich  a subaseal  was in s e r t e d  to a l low in je c t ion  o f  C^H^ and C^Hg, 
and f o r  the  removal  o f  gas samples.
In all assays ,  a i r  was w i t h d r a w n  f rom  the  assay vessels  and 
rep laced  w i th  C ^H ^  a t  0.1 b a r  in the  c losed sys tems and 0.15 b a r  in 
t h e  open sys tem to  e n s u re  s a tu r a t i o n  o f  the  N ^ - f i x i n g  s i tes ( H a r d y  
and Ho lsten 1977).  A t  t h e  same t ime a small measured amount  o f  
CgHg was also in je c ted  in to  each assay vessel  to s e rve  as an i n te r n a l  
s t a n d a r d  f o r  C ^ H ^ ,  due  to  i t s  s im i la r  ra te  o f  d i f f u s i o n  (K n ow les  
1980).  A c e ty le n e  and C 0H~ were  t r a n s p o r t e d  to the  assay s i te  in 
mechanical  gas r e s e r v o i r s  as d e s c r ib e d  b y  T u r n e r  and Gibson (1 980 ) .
With the  c losed sys tem s ,  in i t i a l  s tu d ie s  were  made on the  ra tes  
o f  C^H^  p r o d u c t i o n  w i th  t ime to d e te rm in e  when gases were  
e q u i l i b r a t e d  and when  th e  ra te  o f  C^H^  p r o d u c t i o n  began to d ec l ine ,  
so t h a t  a p p r o p r i a t e  t imes o f  sampl ing  cou ld  be d e te rm in e d .  T he  gases 
had e q u i l i b r a te d  b y  5 to  20 m inu tes  a f t e r  in jec t ion  and t h e r e f o r e  the  
f i r s t  gas samples w e re  co l lec ted  at  20 to  30 m in u tes  a f t e r  i n jec t ion  o f  
C ^H ^  and C^Hg.
D ou b le -e n de d  samp l ing  need les and p r e - e v a c u a te d  V a c u ta in e r  
( B e c to n ,  D ic k in s o n  and C o . ,  R u t h e r f o r d ,  New J e rs e y ,  U . S . A . )  
b lo o d -s a m p l in g  tu b e s  (10 ml vo lu m e)  w e re  used f o r  sample co l lec t ion
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( T u r n e r  and Gibson 1980). Samples were collected in duplicate  in
case of needle blockages and as a check  on var iab i l i ty .
Ethylene,  CgHg anc* ^ 3 ^ 6  were a n a lysed gas  chrom atograph ica l ly .
A gas-sampling sy r in g e  was used to inject 200 pi of gas from the
Vacuta iner sampling tu b es  into the  gas c h ro m a to g ra p h . Care was
taken  to e n su r e  t h a t  th e re  was no leakage from the  gas-sampling
sy r inge  or the  gas c h ro m a to g ra p h . This involved regu la r  replacement
of the  tape  on the  p lu n g e r  of the  s y r in g e  and of the  septum of the
gas ch ro m a to g ra p h . Reduced peak he igh ts  of and CgH^ and
longer re tention times se rved  as an indica tor of septum leakage.  The
peak he igh ts  (and a t tenua t ions )  were measured from the  p r in to u t  of a
c h a r t  r e c o rd e r  connected to the  gas  c h r o m a to g ra p h .
To estimate the  ra te  of p roduc t ion ,  a sample containing
equimolar quan t i t ies  of C^Hg and C^H^ was also analysed .  The ratio
of the i r  re spec t ive  peak he igh ts  ( p ' / e 1) was then  used to calculate the
-2 -1ra te  of C^H^ production (mol cm hr  ) as desc r ibed  by Knowles 
(1980):
mol C9H/1 cnT^hr”"* = / J^ x x (^e2 - ^ e l) (30)
<- ^  L « -L -1  )  I u u ^ 1 e V pi
where  M is the  amount (mol) of CgHg injected into the  assay  vesse l ,  a
2
is the  sur face  area (cm ) of th e  sample,  and h ^ / h ^  and h ^ / h ^  are  
the  ratios of the  CgHg and peak he igh ts  obtained for the  gas
samples taken at  times t^ and t^ respec t ive ly .
3 .4  Calculation of the  proportion (P )  of legume N fixed and2
i t s  e r r o r
The proportion ( P) of legume N de r ived  from atmospher ic  N^,
15 15when grown in soils at  na tu ra l  N a bundance  or N en r iched ,  was 
der ived  as follows:
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ö ^ N  o ^ N_____ re fe rence  plant___________legume
x 15m o N refe rence  plant B
(31)
P atoms % f  , . - atoms % ^ N .— = re fe rence  plant legume
atoms % ' 5N f  . . - Bre fe rence  plant
(32)
where  B is the  ö ^ N  (eg u a t io n 3 1 )  or atoms % (equation 32) of
legume N der ived  en t i re ly  from atmospher ic  (as determined in pot 
exper im ent  2, C h ap te r  5).
In calculating the  P value between two h a rv e s t  in te rva ls  (1 and
2) ,  a y i e ld -d ep en d en t  express ion  was used to obtain X ( the  average  
15 N concentra tion  of p lant-avai lable  soil N dur ing  the  period of
15 15m easurem ent) ,  based on the  6 N or atoms % N (a)  of N assimilated 
by the  legume (L) or r e fe rence  p lan t  (R)  between time and t ^ , 
e . g .
X aR ( t 2- t 1) ^a R2NR2 '  a RlNRl ^ ( NR2'NR1 ^ (33)
where  N re fe r s  to the  N yield.  The y ie ld -d ep en d en t  express ion  of P 
is then  given by
P =  f X - [ ( a L2NL 2 - a L1NL1) / ( N L2- N L1) ] )  / ( X - B ) .  (34)
Then P value is calculated from th re e  independen t  parameters  
and th e re fo re  a ser ies  expans ion to the  f i r s t  o rd e r  (Davies and 
Goldsmith 1972) was used to estimate the  var iance  associated with P 
as follows:
,| 2
-  ( I t )  . v a r ( L ) ( 35 )
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15w h e re  L and R are th e  N c o n c e n t r a t i o n s  of  the  legume and 
re fe r e n c e  p la n t  and v a r  is t h e  v a r ia n c e .
Now,
3L/3P = - 1 / ( R - B )
3R/3P = ( L - B ) / ( R - B ) ^  , and
3B/3P = - ( R - L ) / ( R - B ) 2 .
T h e r e f o r e ,  equa t ion  35 can be r e w r i t t e n  as:
v a r ( P )  = v a r ( L ) + ( L - B ) 2. v a r ( R )  + ( R - L ) 2 . v a r ( B )  
( R - B ) 2 ( R - B ) 4 ( R - B ) 4
(36)
and the  s ta n d a r d  e r r o r  ( S . E . )  is the  s q ua re  roo t  o f  the  v a r ia n c e .
3 .5  C a lcu la t ion  o f  is o top ic  f r a c t i o n a t i o n
C a lc u la t ion  o f  an iso top ic  f r a c t i o n a t i o n  f a c t o r ,  z,  d u r i n g  the  
c o n v e rs io n  o f  a s u b s t r a t e ( s )  to a p r o d u c t  ( p )  depends  on the  system 
be ing  measured .  In a c losed sys tem w he re  th e  s u b s t r a te  is be ing 
d e p le te d ,  £ is ca lcu la ted  b y  the  fo l l o w in g  e x p res s io n  (M a r io t t i  et 
al .  1981):
' P / s
( ö1 5 N - ö15U ).
S , 0  P ; ( I l f )
fTTnXfT
(37)
15 15 15w he re  6 N and 6 N are  the  N c o n c e n t r a t io n s  o f  the  s u b s t r a te  s ,o  p
at  t ime 0 and th e  accum ula ted  p r o d u c t  r e s p e c t i v e l y ,  and f  is the  
u n re a c te d  f r a c t i o n  o f  s u b s t r a t e .  T h i s  e x p re s s io n  app l ies  f o r  a 
u n id i r e c t i o n a l  re a c t i o n ,  s ^ p ,  and i t  is assumed t h a t  £ >s c o n s ta n t  
w i th  t h e  e x te n t  o f  t h e  re a c t i o n .  H ow eve r ,  w h e re  the  s u b s t r a t e  can 
be co ns ide re d  as an i n f i n i t e  r e s e r v o i r  w i t h  re s p e c t  to  the  q u a n t i t y  o f
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t he  p r o d u c t  f o rm e d ,  f  app roaches  1 and the  e x p res s io n  ( 1 - f ) / f . l n  f
app roaches  -1 ,  and e x p re s s io n  (37 )  s im p l i f i e s  to :
e , = 615N - 615N . (38)p / s  p s
More s t r i c t l y ,
15 156 °N -  6 °N 
= P_______ S
P/S Slo N + 1000
S
. 1000 (39)
15a l th o u g h  equa t ion  (38 )  is s u f f i c i e n t l y  a ccu ra te  i f  6 N is small 
r e la t i v e  to 1000.
In the  s t u d y  on is o top ic  f r a c t i o n  d u r i n g  f i x a t i o n  ( C h a p t e r  5 ) ,
15t he  s u b s t r a te  (a tm o s p h e r i c  N^ )  was i n f i n i t e ,  6 N s = 0 ( i f  va lu es  are
g iv e n  w i th  re s p e c t  to a tm osp h e r ic  N ^ )  and equa t ion  (38 )  was used to
es t imate  the  iso top ic  f r a c t i o n a t i o n  f a c t o r .  Data are p re s en ted  as the  
15
6 N ( w i t h  re s p e c t  to a tm osp h e r ic  N^ )  o f  the  legume N g ro w n  w i th  
a tm osp h e r ic  as the  sole source  o f  N and are d es igna ted  B (see 
sect ion  3 . 4 ) .
In the  s t u d y  on iso top ic  f r a c t i o n a t i o n  d u r i n g  ass im i la t ion  o f  
n i t r a t e  o r  n i t r i t e  b y  n i t r a t e  re d u c ta s e  o r  n i t r i t e  re d uc ta se  
r e s p e c t i v e l y  ( C h a p t e r  6 ) ,  h ig h  s u b s t r a t e  c o n c e n t r a t io n s  were  
g e n e r a l l y  used and t h e r e f o r e  e qua t ion  (38 )  was also used in 
ca lc u la t in g  an iso top ic  f r a c t i o n a t i o n  f a c t o r ,  un less  o th e rw is e  s ta te d .
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C HAPTER 4
V A R IA T I O N S  IN THE  N A T U R A L  ENRICHM ENT OF 15N IN THE 
PROFILES OF PASTURE SOILS
4.1 I n t r o d u c t i o n
To ta l  soil n i t r o g e n  is g e n e r a l l y  e n r i c h e d  in the  s tab le  iso tope o f  
15n i t r o g e n ,  N,  r e la t i v e  to a tm os p h e r i c  N^ (D e lw ic he  and S teyn  1970;
Karamonos et  aL 1981) b u t  f o r  u n k n o w n  re asons ,  the  e n r i c h m e n t  may
v a r y  w i t h i n  i n d i v i d u a l  soil p r o f i l e s  (D e lw ic he  and S teyn  1970;
V i r g i n i a  1980; Steele e t  aL  1981) and o v e r  la rge  areas o f  v i r g i n  and
c u l t i v a te d  soi ls (R e n n ie  e t  aL  1976; B road b e n t  e t  aL 1980).
I t  has been s u g g e s te d  t h a t  d i f f e r e n c e s  in the  n a tu ra l  abundance  
15o f  N between d i f f e r e n t  soi ls may r e f l e c t  d i f f e r e n c e s  in N c y c l i n g
processes  (R e n n ie  e t  aL  1976; M a r io t t i  1982).  T h u s ,  V i r g i n i a  (1980) 
15f o u n d  t h a t  the  N c o n c e n t r a t i o n  o f  to ta l  soil N inc reased  w i th  p la n t
success ion ,  be ing  lowes t  in y o u n g  s a n d y  so i ls .  I f  r e la t i o n s h ip s  such
as t h i s  cou ld  be e s ta b l i s h e d  f o r  soi ls on w h ich  c ro p  and p a s tu re
legumes are  g r o w n ,  i t  m ig h t  be poss ib le  to recogn ise  those  soi ls w i th
15a h ig h  n a tu r a l  a b u n d a n c e  o f  N w h e re  a c c u ra te  es t imates  o f  N^ 
f i x a t i o n  b y  legumes cou ld  be o b ta in e d .
15In u s in g  th e  n a t u r a l  a bu n da n ce  o f  N f o r  e s t im a t ing  N^ f i x a t i o n  
15b y  legumes i t  is t h e  N c o n c e n t r a t i o n  o f  the  p la n t - a v a i l a b le  f r a c t i o n
o f  the  soil N w h ich  is i m p o r t a n t ,  and t h i s  c o n c e n t r a t i o n  is f r e q u e n t l y
d i f f e r e n t  f rom  t h a t  in t h e  to ta l  soi l  N ( B r e m n e r  and Taba taba i  1973;
Fe ig in  et  aL  1974a; B lack  and W ar in g  1977).  T h e  n a tu ra l  a bundance  
15o f  N in the  p la n t - a v a i l a b l e  f r a c t i o n  o f  the  soil N is most  eas i ly
15measured  b y  the  N a bu n da n c e  in the  to ta l  N o f  a re fe re n c e  p la n t  
w h ich  o b ta in s  all o f  i t s  N f rom  the  so i l .  H o w e v e r ,  i t  is im p o r t a n t
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t h a t  t h i s  re fe re n c e  p la n t  a bso rb s  N wh ich  a c c u r a te l y  r e p re s e n ts  the
is o top ic  compos i t ion  o f  the  soil N a bso rbed  b y  the  legume. T h is
m ig h t  no t  be t r u e  when t h e r e  is an a p p re c ia b le  v a r ia t i o n  in the
iso top ic  compos i t ion  o f  soil N l a t e r a l l y  across  the  soil s u r fa c e ,  o r
v e r t i c a l l y  w i t h  d e p th  in the  soil p r o f i l e ,  un less  the  roo t  g eom e t ry  and
N u p ta k e  p a t t e r n s  o f  the  two p la n ts  are  comparab le .
T h e  aim o f  the  p r e s e n t  s t u d y  was to examine the  v a r i a b i l i t y  in
th e  i so top ic  compos i t ion  o f  N in a ra nge  o f  s u r fa c e  soi ls and soil
p r o f i l e s  u n d e r  n a t i v e  and im p ro v e d  p a s tu re s  in s o u th - e a s te r n
A u s t r a l i a  and the  poss ib le  causes o f  t h i s  v a r i a t i o n .  T h e  re la t io n s h ip  
15
between th e  N c o n c e n t r a t i o n  o f  N in severa l  soil f r a c t i o n s ,  i n c lu d in g  
th e  p la n t - a v a i l a b le  f r a c t i o n ,  was also exam ined .
4 .2  Expe r im en ta l
4 .2 .1  Late ra l  v a r i a b i l i t y  in 6 ^ N  o f  s u r fac e  soi ls
4 .2 . 1 .1  W i th in  a small area
T h is  p r e l i m i n a r y  s t u d y  used an a p p a r e n t l y  u n i fo rm  s i te  (so i l  1,
T a b le  3 .1 )  nea r  C a n b e r r a ,  A u s t r a l i a n  Cap i ta l  T e r r i t o r y .  The  s i te  was
chosen f rom  w i t h i n  a p a s tu r e  o f  p ha la r i s  and s u b te r r a n e a n  c lo v e r
w h ic h  had been l i g h t l y  g razed  b y  sheep.  Soil cores  (100 mm
d ia m e te r ,  75 mm d e p t h )  were  taken  at  1 m spac ings  on a 3 x 4 m g r i d
15and ana lysed  f o r  to ta l  N and N.
4 . 2 . 1 . 2  W i th in  a la rge  ca tchm en t
T h e  Pejar  Dam c a tc h m e n t  ( a b o u t  400 km2 ) near  G o u lb u rn  in New
15
S ou th  Wales was se lected to  examine v a r i a b i l i t y  o f  tota l  N and 6 N in 
t h e  so i l ,  as i n f l u e n c e d  b y  p a r e n t  mater ia l  and p e r iod  u n d e r  
s u b te r r a n e a n  c lo v e r  p a s t u r e .  W i th in  soi ls d e r i v e d  f rom  b asa l t i c ,
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g r a n i t i c  and s e d im e n ta ry  p a r e n t  m a ter ia ls  (so i l s  2 , 3 , 4 ,  Tab le  3 . 1 ) ,  
s i tes g r o w in g  bo th  n a t i v e  p a s tu re s  and p a s tu re s  im proved  b y  a p p ly in g  
p h o s p h a t i c  f e r t i l i z e r  and g r o w in g  s u b te r r a n e a n  c lo v e r  f o r  25 o r  55 
y e a rs  were  chosen .  T h e  s u r fa c e  (0 -50  mm) la y e r  o f  soil was sampled 
f ro m  e ig h teen  o f  these  s i t es .
4 . 2 . 2  V a r i a b i l i t y  in 6 ^ N  w i t h  soil d ep th
4 . 2 . 2 .1  To ta l  soil N
Soi ls f rom  n ine  s i tes w i t h i n  t h e  Pejar  Dam ca tchm en t  were
15
f u r t h e r  examined f o r  changes  in to ta l  N and 6 N w i th  d e p th .  The
0 -50 ,  50-100,  100-200,  200-300,  300-400,  400-500 and 500-600 mm
laye rs  o f  soil were  sampled .  In a d d i t i o n ,  samples o f  the  p a r e n t  r o c k ,
f ro m  w h ich  each o f  t h e  soi ls  were  d e r i v e d ,  were  co l lec ted ,  c r u s h e d ,
15
f i n e l y  g r o u n d  and ana ly sed  f o r  to ta l  N and N.
4 . 2 . 2 . 2  Soil f r a c t i o n s
T h e  fo rm s  and d i s t r i b u t i o n  o f  o r g a n ic  N w i t h i n  soil p ro f i l e s  were  
examined b y  chemica l ,  p hy s i c a l  and b io log ica l  t e c h n iq u e s .
4 . 2 . 2 . 2 . 1  Chemical  and p hys i ca l  f r a c t i o n a t i o n  
T h e  soi ls chosen f o r  t h i s  s t u d y  were  d e r i v e d  f rom  g r a n i t e  o r  
basa l t  (so i l s  2 and 4, T a b le  3 .1 )  and were  taken  f rom beneath  n a t i v e  
p a s tu r e  o r  55 y e a r  o ld s u b te r r a n e a n  c lo v e r  p a s tu r e .  O n ly  the  0 -50,  
100-200 and 500-600 mm la ye rs  w e re  used .
Soil o r g a n ic  m a t te r  was chem ica l l y  f r a c t i o n a t e d  in to  f u l v i c  ac id ,  
hum ic  acid and hum in  as d e s c r ib e d  in sec t ion  3 . 2 . 2 . 5 .  Soi ls were  also 
p h y s i c a l l y  f r a c t i o n a te d  in to  t h r e e  p a r t i c l e  size f r a c t i o n s  (< 2, 2 -53 ,  > 
53 pm) as d e s c r ib e d  in sec t ion  3 . 2 . 2 . 6 .
85
4 . 2 . 2 . 2 . 2  F ra c t io na t io n  o f  b io lo g ic a l l y  s i g n i f i c a n t  n i t r o g e n  
A ye l low  podzo l i c  soil (so i l  5, T ab le  3 .1 )  was sepa ra ted  in to  
0 -100 ,  100-200, 200-300 and 300-600 mm la y e rs ,  and soil f rom  each 
la y e r  was passed t h r o u g h  a 1 mm sieve and m ixed .  T he  in i t ia l  
i n o r g a n ic  N,  m in e ra l i zab le  N and p l a n t - e x t r a c t a b l e  N were  de te rm ined  
f o r  each soil la y e r  and the  i so top ic  compos i t ions  compared  w i th  t h a t  o f  
to ta l  N.
In i t i a l  i n o r g a n ic  N_: A b o u t  24 h o u rs  a f t e r  co l lec t ion  o f  soil f rom the
f i e l d ,  samples f rom  each la y e r  were  ana lysed  f o r  i n o rg a n ic  N.
M ine ra l i zab le  N_: Soil samples (300 g )  f rom  each o f  the  f o u r  d e p th s
were  p laced in 2 I j a r s  and the  m o is tu re  c o n te n t  ad jus ted  to 60% of
f ie ld  c a p a c i t y  w i t h  a f i n e  m is t  o f  w a te r .  Ja rs  were  covered  to reduce
w a te r  loss and placed in an i n c u b a t o r  at  25°C .  A e ro b ic  co n d i t i o n s
were  ma in ta ined  b y  r e g u l a r  o pe n in g  o f  the  j a r s  and the  soil m o is tu re
was ma in ta ined  at  a bo u t  60% o f  f i e ld  c a p a c i t y  b y  r e g u l a r  w a t e r i n g .
A f t e r  55 days  i n c u b a t i o n ,  m ine ra l i zed  N was e x t r a c te d  and ana lysed
15f o r  in o r g a n ic  N and N.
P la n t - e x t r a c t a b le  : T h i s  was measured  in po t  e x p e r im e n t  1 u s in g
f i v e  re p l i c a te  samples o f  soil f rom  each o f  the  f o u r  la y e rs .  T h e  soil
(2 k g )  was mixed w i th  1 g P as s u p e r p h o s p h a te  and f i l l e d  in to  a 150
mm d iam ete r  po t  f i t t e d  w i t h  a p o l y e th y le n e  l i n e r .  T h e  m o is tu re
c o n te n t  o f  the  soi l  was a d jus te d  to 75% o f  f ie ld  c a p a c i t y  and
ma in ta ined  near  t h i s  level b y  d a i l y  w a t e r i n g .  Seeds o f  annua l
r y e g r a s s  were  sown in to  each po t  and t h i n n e d  to  seven p la n ts  p e r  po t
a f t e r  emergence .  In a d d i t i o n ,  p h a la r i s  seeds were  sown in to  pots
c o n ta in in g  the  0-100 mm la y e r  o f  so i l .  F i f t y - f i v e  days  a f t e r  so w in g ,
p la n t  shoots were  h a r v e s te d  b y  c u t t i n g  at  the  soil s u r fa c e  and roo ts
were  re c o v e red  f ro m  th e  soil b y  s ie v in g  and w a s h in g .  P lant  mater ia l
15was ana lysed  f o r  to ta l  N and N.
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4 . 2 . 3  E f fec t  o f  5 N o f  soil n i t r o g e n  on the  e r r o r  in es t im a t ing  
P
15T h e  e f f e c t  o f  the  v a lue  f o r  t h e  6 N o f  p la n t - a v a i l a b le  soil N on
15t h e  e r r o r  in es t im a t ing  P u s in g  th e  n a tu ra l  N abundance  method was
examined u s in g  equa t ion  36 ( C h a p t e r  3) f o r  the  S .E .  of  P. A ra nge
o f  P_ va lues  was used to  examine th e  e f fe c t  o f  P on the  re la t io n s h ip
15between the  S .E .  o f  P and the  6 N o f  p la n t - a v a i l a b le  soil N. For a
15f i x e d  P v a lu e ,  t h e  6 N o f  t h e  legume was examined b y  r e a r r a n g in g  
equa t ion  31 ( C h a p t e r  3) to g iv e :
^ l e g u m e  = « ^ S N  '  £  *  ^ S N  * (40 )
15w h e re  SN is the  p la n t - a v a i l a b le  soil N and B is the  6 N o f  legume N
d e r i v e d  e n t i r e l y  f rom  a tm os p h e r i c  N^- In these  ca lc u la t io n s ,  B was
taken  as +0.59 (±0 .2 )% o (see T a b le  5.1 f o r  s u b te r r a n e a n  c l o v e r )  and a
15va lue  o f  0.2%o was used f o r  t h e  S .E .  o f  the  6 N o f  p la n t -a v a i l a b le
15soil N and o f  t h e  6 N o f  legume N. T h is  va lue  is t y p i c a l  o f  t h a t  
f o u n d  in t h e  f i e ld  e x p e r im e n t  (see T a b le  9 . 3 ) .
4 .3  Resu l ts
4 .3 .1  Late ra l  v a r i a b i l i t y  in 6 ^ N  o f  s u r fa c e  soi ls 
4 . 3 . 1 .1  W i th in  a small area
T h e  c o n c e n t r a t i o n  o f  to ta l  N in the  s u r fa c e  soil f rom  a 12 m2
g r i d  ranged  f ro m  0.218 to  0.285% and ave raged  0.245% ( S . E .  = 0 .004)  
15and the  6 N o f  t h a t  N ra n ge d  f ro m  5.01 to  7.95%0 and averaged
6.31%0 ( S . E .  = 0 .2 3 )  . T h e r e  was no d i r e c t io n a l  t r e n d  in e i t h e r  
15c o n c e n t r a t i o n  o r  6 N o f  to ta l  N w i t h i n  the  g r i d .
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4 . 3 . 1 . 2  W i th in  a la rge  ca tchm en t
T h e  c o n c e n t r a t i o n  o f  to ta l  N in p a s tu re  soi ls (0 -50  mm) f rom the  
Pejar  Dam c a tch m e n t  ra n ge d  f rom  0.22  to 0.42% N and averaged  0.285% 
( S . E .  = 0 .0 1 6 ) ,  and the  5 ^ N  ra n ge d  f rom 2.55  to 6.79%0 , w i t h  a
mean o f  5 . 1 6%0 ( S . E .  = 0 .2 7 ) .
15T h e r e  was no s i g n i f i c a n t  r e la t i o n s h ip  between 6 N and soil
p a r e n t  m a te r ia l .  T h e  c o n c e n t r a t i o n  o f  to ta l  N g e n e r a l l y  inc reased
w i t h  g r e a t e r  p e r io d s  o f  p a s tu r e  im p ro ve m e n t  b u t  t h e re  was no
15c o r r e s p o n d in g  e f f e c t  on 6 N ( F i g .  4 . 1 ) .
4 . 3 . 2  V a r i a b i l i t y  in 6 ^ N  w i th  soil dep th
4 .3 . 2 .1  To ta l  N o f  soi ls and p a r e n t  rocks
13F ig u re  4 .2  shows th e  changes  in c o n c e n t r a t io n  and 6 N o f  the
to ta l  N in two  g r a n i t i c  soil p ro f i l e s  f rom n a t i v e  and 55 y e a r  o ld
s u b te r r a n e a n  p a s tu re s  (so i l  2, T ab le  3 . 1 ) .  T he  re s u l t s  are t y p i c a l  o f
all t he  soil p r o f i l e s  exam ined .  A decrease in total  N c o n c e n t r a t i o n
15and an inc rease  in 6 N w i th  d e p th  o c c u r r e d  in bo th  v i r g i n  and
15im p ro v e d  so i ls .  W i th in  all p ro f i l e s  the  inc rease  in ö N was most
m arked  in the  0-300 mm la y e r  and l i t t l e  change  o c c u r r e d  in the
15
300-600 mm la y e r .  T h e  6 N va lu es  f o r  the  0-50 mm laye r  o f  the  
n ine  soi ls  ra nged  f r o m  2 .77 to 6.12%0 wh i le  those  f rom the  500-600 mm 
la y e r  ranged  f rom  7 .16  to  10.06%o .
T h e  c o n c e n t r a t i o n  o f  N in t h e  basa l t  and g r a n i t e  p a r e n t  r o c k s  
was v e r y  low r e la t i v e  to  t h a t  in t h e  s e d im e n ta ry  ro c k  and showed no 
re la t i o n s h ip  w i t h  t h e  6 ^ N  ( T a b le  4 . 1 ) .  T he  6 ^ N  o f  the  to ta l  N in 
t h e  p a r e n t  ro c k s  was s u b s t a n t i a l l y  lower than  th e  va lues  o b s e rv e d  f o r  
the  500-600 mm soil l a y e rs  f o r  all soil examined f rom  the  c a tc h m e n t .
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F ig u re
Total soil nitrogen (%)
154 .1 .  V a r ia t io n  in c o n c e n tra t io n  and 6 N o f to ta l  n i t ro g e n  in 
so ils  (0 -5 0  mm d e p th )  sampled from  th e  Pejar Dam 
c a tc h m e n t ,  New Sou th  Wales.
F
ig
u
re
 
4
.2
. 
V
ar
ia
ti
on
 
in
 
co
n
ce
n
tr
at
io
n
 
( 
A
 —
 —
A
 )
 
an
d 
6 
N 
( 
#
—
#
 
) 
of
 
to
ta
l 
n
it
ro
g
en
 
w
it
h 
d
ep
th
 
in
 
so
il
s
cd
L.
D
+->in
ro
a
s _a)
>o
o
c
co
cd
£=
03
s_
s_
CD
-M
□
in
01
s_
03
(D
>I
LT)
LT)
■O
C
03
<D
S_
D
+->in
03a
CD
>
03
c
L.O)
“O
c
□
CD■M
C
03
S_
CD
Eo
i _
4-
T3
CD
>
1-
<D
"O
LU
CO
s_
o
4-
in
CD
03
03
s_
(D
>
03
+->
C
CDina)
i _
Cl
CD
s_
in
s_
03
JD
■o
C
03
in
CD4->
03u
Q.
CD
c_
CD
<D
S_
- C
+->
4—o
c
03
CD
E
CD
JC+->
in
CD
o
03
>
o
03
LU
To
ta
l 
N 
(%
) 
To
ta
l 
N 
{%
)
89
00
r^ .
LO m
oo
N 
{%
o)
90
15Table 4 .1 .  Concentra tion and 6 N of total N in basa l t ,  g ran i te  and 
sedim entary  rocks .  Each value is th e  mean of th r e e  replicates  
and values  in b ra c k e ts  are  s t an d a rd  e r r o r s .
P a re n t  rock
Total N 615N
_ 'j
pg Ng %0
Basalt 27.3 (10 .8)  1.81 (0 .14)
Granite
Sedimenta ry
41.7 (15 .0 )  5.30 (0 .92)
261 (106) 3.90 (1 .34)
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4 .3 .2 .2  Chemical and physical  f r ac t ions  of soils
Chemical separa tion  of organic  N revealed th a t  most of the  N 
o ccu r red  in the  humin f rac t ion ,  and t h a t  p a s tu re  improvement 
genera l ly  increased  th e  N concen tra t ion  in all f rac tions  in all soil 
layers  excep t  the  500-600 mm layer  (Tab le  4 .2 ) .  The re  was a g re a te r  
proportional  increase  in humic acid with p a s tu r e  improvement than in 
th e  o th e r  two frac t ions  in the  g ran i t ic  soils ,  bu t  th is  did not occur 
with the  basalt ic soils (Table  4 .2 ) .
15T h e re  were no cons i s ten t  d i f fe rences  in 6 N between the  th ree
frac t ions  in the  d i f f e r en t  layers  of both soils with va ry ing  time unde r
15s u b te r r a n e a n  clover (Tab le  4 .2 ) .  The 6 N of each of the  chemical 
f rac t ions  increased down the  profile in th e  same way as total soil N 
(compare Table 4.2 and Fig. 4 .2 ) .
Separa tion of th e  soil part ic les  revealed th a t  most of the  N 
occu r red  in the  c lay-s ized  frac tion (<2 pm). In addit ion,  the  
propor tion  of N in the  c lay-s ized  f rac tion  in the  500-600 mm layer of 
both soils was g r e a t e r  than  in the  co r re sp o n d in g  frac tion of the  0-50 
and 100-200 mm layers  (Table  4 .3 ) .  The  concen tra t ion  of N in each of 
th e  part ic le  size f r ac t ions  increased  with g r e a t e r  per iods  of p a s tu re  
improvement in the  0-50 and 100-200 mm layers  of both soils, with the  
la rge s t  proport ional increase  o ccu r r in g  in the  sand-s ized  fraction 
(Tables  4 .3  and 4 . 4 ) .  In all soils,  the  total N was fair ly evenly 
d i s t r ib u te d  among the  t h r e e  f rac t ions  in th e  0-50 mm layer ,  whereas  at 
the  500-600 mm dep th  the  N was predominant ly  in the  c lay-sized 
frac tion (Tab les  4.3 and  4 .4 ) .
15In both soils t h e r e  was an inc rease  in 6 N with decreas ing  
part ic le  size for each soil layer ,  ( th e  value for the  c lay-s ized fract ion 
being about double t h a t  for the  s an d - s iz e d  f r ac t io n s ) .  In c o n t ra s t
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15t h e r e  was much less d i f f e r e n c e  in 6 N be tw een  th e  soil d e p t h s  within 
one  p a r t i c l e  s ize f r a c t io n  (a d i f f e r e n c e  of  a b o u t  30% between  th e  0-50 
and  500-600 mm l a y e r s ) .
4 . 3 . 2 . 3  Bio lo g ica l ly - s ig n i f ic an t  n i t r o g e n
When r y e g r a s s  was u sed  to e x t r a c t  N from t h e  soil,  th e  amounts
o b ta in e d  d e c r e a s e d  with in c re a s in g  soil d e p t h  (T a b le  4 . 5 ) .  In th e  0-100
mm la y e r  of soi l,  most  r y e g r a s s  N o c c u r r e d  in t h e  s h o o t s ,  b u t  as the
soil d e p t h  i n c r e a s e d ,  t h e  am ount of N in t h e  roo ts  r e la t ive  to th e  shoo ts
i n c r e a s e d .  S imi la r ly ,  in t h e  0-100 mm la ye r  t h e r e  was a la rge
15d i f f e r e n c e  in t h e  6 N of r y e g r a s s  N be tw een  shoo ts  and  roots  and  th is
d i f f e r e n c e  d e c r e a s e d  with soil d e p t h  (T a b l e  4 . 5 ) .  However ,  in all cases  
15t h e  6 N of N in p la n t  s h oo ts  was s ig n i f i c a n t ly  lower t h a n  t h a t  in t h e
r o o t s .  P ha la r i s  roo ts  ass imi la ted  less N t h a n  r y e g r a s s  roo ts  when
15g row n  in t h e  0-100 mm laye r  and  t h e  ö N of N in t h e  roo ts  of pha la r i s
was  s ig n i f i c a n t ly  lower t h a n  t h a t  of r y e g r a s s  (T a b le  4 . 5 ) .  T he  e f f ec t
15of su c h  d i f f e r e n c e s  in N c o n c e n t r a t i o n  be tw een  p la n t  p a r t s  on th e
es t im a te  of P will be d i s c u s s e d  in detai l  in C h a p t e r  9.
When total  p l a n t  ( s h o o t s  + ro o t s )  N was com pared  with o t h e r  soil N
15f r a c t i o n s  of biological im p o r tan ce ,  d i f f e r e n c e s  in 6 N va lu e s  were
15o b ta in e d  ( F ig .  4 . 3 ) .  T h e  6 N va lu e s  could be r a n k e d  in t h e  following
o r d e r :  initial in o rg a n ic  N < minera l izab le  N = p l a n t - e x t r a c t a b l e  N <
15 .
to ta l  soil N, fo r  all soil l a y e r s  (F ig .  4 . 3 ) .  T h e  6 N of t h e  initial 
i n o rg a n ic  N in all soil l a y e r s  was close  t o ,  b u t  s ig n i f i c a n t ly  h i g h e r  t h a n  
z e ro ,  w h e r e a s  t h a t  fo r  t h e  in o rg a n ic  N minera l i zed  d u r i n g  55 d a y s
in c u b a t io n  was s u b s t a n t i a l l y  g r e a t e r  t h a n  t h e  initial in o rg an ic  N.
T h e  615N of total  soil N i n c re a s e d  with d e p t h ,  p a r t i c u l a r l y  o v e r  
t h e  0-200 mm zone ,  as  a l r e a d y  no ted  fo r  t h e  c a t c h m e n t  s t u d y  (F ig .
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15T a b le  4 .5 .  A m o un ts  and 6 N o f  n i t r o g e n  assim i lated b y  r y e g r a s s  f rom 
d i f f e r e n t  soil l a y e rs .  Values  were  compared  w i th  those  ass im i la ted  
b y  p h a la r i s  f rom  the  0-100 mm soil l a y e r .  Each va lue  is t h e  mean o f  
f i v e  re p l i c a te s  ( p o t  e x p e r im e n t  1 ) .
Soil la y e r  
(mm)
Grass N (mg pot  ) S15N (%,
1
,) o f  g ra s s  N
Grass shoots roo ts shoots roo ts S . E . D .
0-100 R yeg rass 96.4 21.8 2.10 4.27 0 .17
100-200 R yeg rass 23.8 12.1 3.43 4.99 0 .18
200-300 R yeg rass 11.9 6.1 3.02 3.67 0 .18
300-600 R yeg rass 7.1 4 .5 2.59 3.23 0 .15
0-100 Pha la r i s 94.4 15.5 1.90 3.58 0 .13
S . E . D . 1 .5 1.3 0.14 0.17
With re s p e c t  to a tm osphere  N^-
1
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15F ig u re  4 .3 .  V a r ia t i o n  in 6 N o f  p la n t  and soil f r a c t i o n s ;  i n o rg a n ic
n i t r o g e n  a t  d a y  0 ( A .......... A ) ,  i n o r g a n i c  n i t r o g e n  m in e ra l i zed
o v e r  55 d a y s  ( □ ——- □ ) ,  p l a n t - e x t r a c t a b l e  n i t r o g e n  a f t e r  55 
d ays  ( # — - d ) ,  and to ta l  n i t r o g e n  in soil ( ♦  —  —  ♦ )  ( p o t  
e x p e r im e n t  1 ) .  Each va lu e  is t h e  mean o f  f i v e  rep l i ca tes  
and b a rs  r e p r e s e n t  a ve rages  f o r  ± 1  S . E .
98
154 . 2 ) .  H o w e v e r ,  the  6 N o f  the  m ine ra l i zed  N o r  p la n t  N d id  no t  show 
a n y  o b v io u s  t r e n d s  w i t h  soil d e p th .
154 . 3 . 3  E f fec t  o f  6 N o f  soil n i t r o g e n  on the  e r r o r  in e s t im a t ing  P
15These  c a lcu la t io n s  revea led  t h a t  t h e  va lue  f o r  the  6 N o f
p l a n t - a v a i l a b l e  soi l  N has a la rge  e f f e c t  on the  e r r o r  ob ta ined  in
15 15e s t im a t ing  P b y  th e  n a tu ra l  N a bu n da n ce  method .  As the  6 N o f
p l a n t - a v a i l a b l e  soil N app roached  t h a t  o f  t h e  legume N d e r i v e d  f rom
a tm os p h e r i c  N^,  t h e r e  was an e x p o n e n t ia l  in c rease  in t h e  S .E .  o f  P
( F i g .  4 . 4 ) .  T h u s ,  to ob ta in  a v a lue  f o r  the  S .E .  o f  P o f  < 5% i t  is
15n e ce ssa ry  to have a 6 N v a lue  f o r  p l a n t - a v a i l a b le  soil N o f  > 4.5%0 . 
T h e r e  was l i t t l e  e f f e c t  of  t h e  _P v a lue  on the  re la t i o n s h ip  between the  
6^ N o f  p l a n t - a v a i l a b l e  soil N and the  S .E .  o f  P ( F i g .  4 . 4 ) .
4 .4  D iscuss ion
15
4 .4 .1  V a r ia t i o n s  in 6 N o f  s u r fa c e  soi ls
15T h e  range  in 6 N f o r  to ta l  N in p a s tu r e  soil (0 -50  mm) taken
f rom  an a p p a r e n t l y  ' u n i f o r m '  area o f  12 m* 2 was 69% o f  t h a t  f ro m  a 400
km2 c a tc h m e n t  w h ic h  cove red  la rge  d i f f e r e n c e s  in soil and p a s tu re
t y p e s .  Karamanos et  a[.  (1981) r e p o r t e d  a s im i la r  range  in t h e  spat ia l  
15v a r i a b i l i t y  o f  6 N in to ta l  N f ro m  n a t i v e  p a s tu r e  soi ls a t  t h r e e
loca t ions  (each  c o m p r is in g  60 ha) in Canada .  In a re v ie w  on th e  spat ia l
v a r i a b i l i t y  o f  to ta l  N in so i l s ,  B ig g a r  (1978) conc luded  t h a t  up  to one
2
h a l f  o f  the  v a r i a b i l i t y  in a f i e ld  can o c c u r  w i t h i n  a ny  one m o f  the
f i e l d .  I t  wou ld  a p p e a r  t h a t  t h i s  also app l ies  f o r  the  n a tu ra l  a bundance  
15o f  N. H o w e v e r ,  t h i s  random v a r i a t i o n  does n o t  nega te  the  v a lu e  o f  
15
n a tu r a l  N a b u n d a n c e  in f i x a t i o n  s tu d ie s  w i th  small p lo ts  because 
all 6 ^ N  va lues  we re  s i g n i f i c a n t l y  (P < 0 .0 1 )  h i g h e r  tha n  t h a t  of  
a tm os p h e r i c  N^.
15F ig u re  4 .4 .  E f fe c t  o f  6 N o f  p l a n t -a v a i l a b le  soil n i t r o g e n  on the
e r r o r  in es t im a t ing  the  p r o p o r t i o n  ( P) o f  legume
n i t r o g e n  f i x e d .  Ca lcu la t ions  were  based on data f o r
s u b t e r r a n e a n  c lo v e r .  Data are f o r  P va lues  of  90
75 ( ....... ) o r  50 ( — ■) % and a) is an
15e n la rg e m e n t  o f  t h a t  sec t ion  o f  b )  in w h ich  the  6 N of  
p l a n t - a v a i l a b l e  soil n i t r o g e n  u s u a l l y  o c c u r s .
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6 N of plant-available soil nitrogen (%0)
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Within t h e  l a rge  c a t c h m e n t  t h e  r a n g e  in 6 N va lues  is close to
t h a t  r e p o r t e d  by  Black and  Waring (1977) fo r  t h r e e  Q ueen s lan d  soils
( 2 . 9  to 6.7%0) of a d i f f e r e n t  soil g r o u p  and  is s imilar  to t h a t  ob ta ined
f o r  soils in o t h e r  c o u n t r i e s  ( s e e  T ab le  2 . 4 ) .  T h e  r e a s o n s  for
15v a r i a t i o n s  in t h e  6 N of total N in s u r f a c e  soils within th e  la rge
15c a t c h m e n t  w ere  not  o b v io u s .  T h e  6 N showed no re la t io n sh ip  with
15soil p a r e n t  ma te r ia l ,  d e s p i t e  some d i f f e r e n c e s  in 6 N of total N in
t h e  p a r e n t  rock  (T a b le  4 . 1 ) .  Th i s  s u g g e s t s  t h a t  accumula t ion  and
t r a n s f o r m a t io n  of o rg a n ic  N may be t h e  main p r o c e s s e s  r e s p o n s ib le  fo r
15t h e  v a r i a t i o n s  in 6 N of total N in s u r f a c e  soils .  T h e r e  was an
accumula t ion  of o rg a n ic  N in t h e  s u r f a c e  soil with in c re a s in g  time
u n d e r  s u b t e r r a n e a n  c love r  p a s t u r e ,  p r e s u m a b l y  due  to f ixat ion of
a tm o s p h e r ic  ^  and  s u b s e q u e n t  in c o rp o ra t io n  into th e  soil o rg a n ic
15m a t t e r  (Donald  and  Williams 1954).  H owever ,  t h e  6 N of s u r f a c e  soil
N did  not  d e c r e a s e  with time u n d e r  s u b t e r r a n e a n  c lover  as migh t  be
e x p e c t e d  from la rge  ad d i t io n s  of a t m o s p h e r ic a l ly - f ix e d  N. With an
-1 -1
a v e r a g e  r a t e  of Nn f ixa t ion  of 100 kg N ha y e a r  which  is a
v 15feas ib le  es t imate  ( J . R .  S impson ,  u n p u b l i s h e d ) ,  t h e  6 N of total N in
t h e  0-200 mm layer  of t h e  v i rg i n  soil (F ig .  4 .2 ;  mean va lue  fo r  th e
top  t h r e e  soil d e p t h s  w e ig h ted  fo r  total  soil N) should  h a v e  d e c r e a s e d
o v e r  55 y e a r s  of p a s t u r e  im provem en t  from 5.21 to 1.91 %Q if all of th e
f ixed  N (with  a S15N of 0.59%o , see  T ab le  5 . 1 )  had been  in c o rp o ra te d
15in to  t h e  soil o rg a n ic  m a t t e r .  In f a c t ,  in t h i s  soil th e  6 N va lue  had 
i n c r e a s e d  to 5.76%0 . D ur ing  th e  55 y e a r s  of p a s t u r e  im provem en t  911 
kg N ha  ^ had  accum ula ted  in t h e  0-200 mm la yer  and  even  if th i s  
was  t h e  total  am ount f ixed  th e n  a <5 N va lue  of 3.84%0 would have  
been  e x p e c t e d .  It would a p p e a r  from t h e s e  o b s e r v a t i o n s  t h a t  la rge  
lo sses  of f ixed  N h a v e  o c c u r r e d  and  t h a t  t h e s e  losses  have  r e s u l t e d
101
in c o n s id e ra b le  i so top ic  f r a c t i o n a t i o n .  Denmead et aL (1974) have
shown t h a t  la rge  losses o f  N f ro m  a g ra zed  p a s tu re  can o c c u r  b y
ammonia v o la t i l i z a t i o n  and i t  has been shown t h a t  f r a c t i o n a t i o n  o f
is o top ic  N o c c u rs  d u r i n g  v o la t i l i z a t i o n  ( H a u r a t  et  aL  1981; T u r n e r  et
aL  1983) r e s u l t i n g  in the  res idua l  N be ing  e n r i c h e d  in N r e la t i v e  to
th e  o r ig in a l  s u b s t r a t e  ( F a r q u h a r  et  aL  1983).  O th e r  t r a n s f o r m a t i o n s
and t r a n s f e r s  such as m in e ra l i z a t io n ,  d e n i t r i f i c a t i o n  and leach in g  can 
15also cause N e n r i c h m e n t  o f  the  re s id ua l  o rg a n ic  N (D e lw ic h e  and
S te y n  1970; B lackm er  and B re m n e r  1977; M a r io t t i  1982).  T h u s  i t
w ou ld  app e a r  t h a t  the  ne t  e f f e c t  o f  these  t r a n s fo r m a t io n s  o f  f i x e d  N
15in th e  soil is to ma in ta in  a r e l a t i v e l y  c o n s ta n t  va lue  f o r  6 N o f  to ta l  
N in t h e  s u r fa c e  soi l .
4 . 4 . 2  V a r i a b i l i t y  in 6 ^ N  w i t h  soil d e p th
15Al l  soil p ro f i l e s  showed an inc rease  in 6 N w i th  d e p t h .  T h e
6 ^ N  w i t h i n  a soil p r o f i l e  may be in f lu e n c e d  b y  the  <5^ 5N o f  t h e
p a r e n t  r o c k ,  p a r t i c u l a r l y  deep in t h e  p r o f i l e  w he re  added o r g a n i c  N
15is smal l .  H o w e v e r ,  va lu es  f o r  6 N o f  to ta l  N in p a r e n t  r o c k  f rom
th e  Pejar  Dam ca tchm en t  we re  s u b s t a n t i a l l y  lower tha n  the  va lues  f o r
th e  500-600 mm d e p th  o f  all so i ls f rom  t h i s  area.  T h is  in d ica te s  t h a t
soil f o r m in g  and o th e r  processes  have  s u b s t a n t i a l l y  e n r i c h e d  th e  soil 
15
p r o f i l e  in N compared  w i th  the  p a r e n t  r o c k .
A n a ly s i s  based on p a r t i c l e  size w i t h i n  soil p ro f i l e s  gave  some
in d ic a t io n  o f  the  processes  w h ich  may be re sp on s ib le  f o r  the  change  
15
in 6 N w i t h  d e p t h .  I t  is be l ieved  t h a t  the  sa nd -s ize d  f r a c t i o n  
c o n ta in s  v e g e ta t i v e  d e b r i s  ( e . g .  l i t t e r  and r o o t s ) ,  t he  c la y -s i z e d  
f r a c t i o n  con ta ins  hum ic  subs tances  l a r g e l y  associated  w i th  t h e  c lay  
m ine ra ls  and the  s i l t - s i z e d  f r a c t i o n ,  be ing  in te rm e d ia te ,  c o n ta in s  
complexes  o f  d e b r i s  and humus (see f o r  example  M a r io t t i  1982).
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F ra c t io n a t io n  o f  i so top ic  N d u r i n g  m ine ra l i za t ion  (D e lw iche  and
S te y n  1970) o f  r e c e n t l y  added o rg a n ic  N leads to an inc rease  in the  
15
6 N o f  N in the  res idua l  h um us .  Hence the  more hum i f ied  c la y -s iz e d
15f r a c t i o n  has a h i g h e r  6 N tha n  the  s a nd -s iz e d  f r a c t i o n  as also fo u n d
b y  M a r io t t i  (1982 ) .  T h e  p r o p o r t i o n  o f  tota l  N in t h i s  c la y -s iz e d
f r a c t i o n  in c reased  w i th  soil d e p t h ,  r e s u l t i n g  in an inc rease  in the  
15
6 N o f  t h e  to ta l  o r g a n ic  N w i th  d e p th  ( F i g .  4 . 3 ) .  T h i s  inc rease  in 
15
6 N o f  to ta l  N w i th  d e p th  wi l l  be accen tua ted  b y  th e  movement o f  
o r g a n i c  N down th e  p r o f i l e  w i t h  t ime because th i s  movement is l i k e l y  
to  be g r e a te s t  w i th  the  sma l le r ,  c l a y - s iz e d  o rg a n ic  f r a c t i o n  (as shown 
in Tab les  4 .3  and 4 . 4 ) ,  e i t h e r  mov ing  s e p a ra te l y  as che la tes  o r  in 
com b ina t ion  w i t h  c lay  m inera l  p a r t i c le s  ( e . g .  by  i l l u v i a t i o n ) .
154 . 4 . 3  6 N o f  m ine ra l i zab le  and p l a n t - e x t r a c t a b l e  N
Most  ag ronom ic  s tud ie s  are  c o nce rned  w i th  p l a n t - e x t r a c t a b l e  N
and t h e r e f o r e  the  r e la t i o n s h ip  be tween t h i s  and o th e r  soil N f r a c t i o n s
15is i m p o r t a n t .  In the  p r e s e n t  s t u d y ,  the  6 N o f  i n o r g a n ic  N and
15p la n t  N was less tha n  t h a t  o f  to ta l  N. T h e  6 N o f  the  i n o r g a n ic  N
15i n i t i a l l y  p r e s e n t  in the  f o u r  soil la ye rs  was close to zero  b u t  t h e  <5 N
o f  t h i s  f r a c t i o n  inc reased  d u r i n g  in c u b a t io n .  Feig in et  aL (1974a) 
15fo u n d  t h a t  the  6 N o f  m in e ra l i zed  N in c reased  w i th  t ime and became
c o n s ta n t  a f t e r  abou t  f i v e  weeks in c u b a t io n .  T h e  low in i t ia l  va lues  f o r  
156 N o f  i n o r g a n ic  N may be an a r t i f a c t  due  to the  d i s t u r b a n c e  o f  soil
d u r i n g  co l lec t ion  and com m inu t ion .  W h a teve r  t h e  reason ,  the  amount
o f  i n o r g a n ic  N p r e s e n t  i n i t i a l l y  was small r e la t i v e  to t h a t  p r e s e n t  a f t e r
15
55 d ays  i n c u b a t io n  and t h e r e f o r e  d id  no t  a f f e c t  the  6 N va lu e  o f  the
15
m ine ra l i zed  N.  T h e r e  was no d i f f e r e n c e  between the  6 N o f  p l a n t  N
and in o r g a n ic  N re leased d u r i n g  i n c u b a t i o n ,  i n d i c a t i n g  t h a t  t h e  l a t t e r
15may s e rv e  as an i n d e x  o f  the  6 N in p l a n t - a v a i l a b le  N.
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15Although the  6 N of total soil N increased with dep th  th e re  was
15 15no change  in the  6 N of p la n t -e x t ra c tab le  N with d e p th .  The 6 N
of p l a n t - e x t r a c t ab le  N was also cons is ten t ly  lower than  th a t  for the
total soil N (F ig .  4 .3 ) .  These  f ind ings  s u p p o r t  the  sugges t ion  made
15above th a t  the  high subsoil values  for 6 N in the  total soil N are
due  to an increase  in the  propor tion  of stable humic subs tances  which 
15a re  high in 6 N, since it has been shown (Ford  and Greenland 1968)
t h a t  the  mineralizable frac tion  of soil organic  N is mainly associated
with the  c o a r s e r - p a r t i c l e s , not the  c lay-sized f rac t ion .
15The use of the  na tura l  N abundance  method for quanti fy ing
fixation by legumes in the  field dep en d s  on th e re  being a d if ference
15in the  6 N between soil and atmospher ic  N (Bardin  e t  aL 1977), and
th e  ex ten t  to which th e y  d if fer  can have a marked effect  on the
precis ion in estimating P (F ig .  4 .4 ) .  With th is  techn ique ,  an
inco r rec t  estimate of P_ may be obta ined if t h e re  is a change in the  
156 N of the  p la n t -e x t ra c tab le  soil N within the  soil prof ile,  or at  least
within the  zone of root pene t ra t ion .  T h u s ,  Steele et  aL (1981)
15claimed t h a t  with the  na tu ra l  N abundance  method it is impor tant to
match the  legume and non-N^-f ix ing  re fe rence  plant in the i r  dep th  of
root pene tra t ion  (o r  zone of N u p ta k e ) .  However,  they  based the i r
15comments en t i re ly  on observa t ions  of changes  in the  6 N in the  total
15soil N with d e p th .  The p re s e n t  s tu d y  shows th a t  the  6 N of the
p la n t - e x t r a c t a b le  frac tion may v a ry  little with d e p th .  This enhances
15th e  feasibil i ty  of us ing na tu ra l  N abundance  in field s tudies  on
f ix a t io n .
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CHAPTER 5
ISOTOPIC FRACTIONATION DURING N? FIXATION BY 
THREE PASTURE LEGUMES
5.1 I n troduct ion
15The equations  for estimating P by the  natura l  N abundance
15(equation  31, C h ap te r  3) and N isotope dilution (equation 32,
15C h ap te r  3) methods contain a value for the  N concentra t ion  of 
legume N der ived  from atmospher ic  N^. This  value is commonly 
assumed to be the  same as t h a t  for a tmospheric  N^ i .e .  0.3663 ± 
0.0004 atoms % ^ N  ( J u n k  and Svec 1958). Mariotti (1983) found th a t  
the  isotopic composition of a tmospheric  N^ was remarkably  c o n s ta n t  
( s t a n d a r d  deviation of ± 9 x 10 ^ atoms % ^ N  or 6 ^ N  of ± 0.026 %G) 
t h r o u g h o u t  the  world.  However,  the  isotopic composition of N^-fixing 
bac te r ia  and crop and p a s tu r e  legumes grown enti re ly  on a tmospher ic  
N^ can di f fer  signif icantly  from t h a t  of a tmospheric  N^ (see  Table  
2 .6 )  due  to isotopic frac tionation d u r in g  N^ fixat ion.  T h u s ,  it is 
important to es tabli sh  the  level of isotopic f rac tionation d u r ing  N^ 
fixation by legumes if an accu ra te  estimate of P is to be obta ined .
The aim of th is  s tu d y  was to obtain values  for isotopic 
f rac tionation d u r ing  N£ fixation by the  t h r e e  major p a s tu r e  legumes,  
s u b te r r a n e a n  c lover ,  white clover and lucerne  for use in s u b s e q u e n t
s t u d i e s .
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5 .2  Experimental
Seeds  of s u b te r r a n e a n  clover (cv .  Mount B a r k e r ) ,  white clover 
( c v .  N.Z. Grass lands  Huia) and lucerne  (cv .  Hunter  River) were 
su r face - s te r i l i z ed  and scar if ied with concen t ra ted  H^SO^, and 
p rege rm ina ted  in s ter i le  agar  at  25°C for one day .  About 20 
seed l ings  of each species  were p lanted into f r ee -d ra in in g  pots (250 
mm diameter )  contain ing a p re -w ashed  1:1 mix ture  of vermiculi te and 
q u a r t z  s an d .  Eighteen replicates  of each of the  t h r e e  species were 
u s e d .
At p lan t ing ,  an inoculum conta ining a suspens ion  of Rhizobium 
trifolii s t ra in  TA1 for s u b te r r a n e a n  clover and white c lover ,  and 
Rhizobium meliloti s t ra in  CC169 for luce rne ,  was sp rayed  a round each 
seed l ing .  The  plants  received reg u la r  appl icat ions  of dist il led water 
and a N-free  n u t r i e n t  solution,  conta ining (mg I ) KH^PO^ (110),
KC1 (166),  CaCI2 ( 5 . 6 ) , MgSO4 .7H20 (111) ,  FeCI3 (14) , H3B 0 3
( 2 . 8 ) ,  MnS04 .4H20 ( 2 .1 ) , Z n S 0 4 .7H20 ( 0 . 2 ) ,  CuSO-.SH-O (0 .0 8 ) ,
and Na2Mo04 (0 .1 1 ) , ad jus ted  to pH 6.8 with NaOH. The plants  were
grown in a na tu ra l ly  lit g la sshouse  with t e m p e ra tu re s  rang ing  from 18 
to 28°C .
Seedlings  were p lanted on 27 Sep tem ber  1981 and h a rv e s t s  were
made at  9, 14, 20, 30, 40 and 60 days  a f te r  p lan t ing .  Harves ts
involved removal of adher ing  growth  medium by thorough  washing and
separa t ion  into shoots ,  roots and nodules  (where  p r e s e n t ) .  Plant
15samples were analysed for total N and N.
5.3  Results
Despite the  marked d i f fe rences  in the  N con ten t  of the  legume 
seeds  t h e r e  was little d if fe rence  between species  in the  plant N at  the
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f i n a l  h a r v e s t  ( F i g .  5 . 1 ) .  In all spec ies ,  the  6 ^ N  o f  p la n t  N at  day
9 was g r e a t e r  tha n  t h a t  in the  seed ( F i g .  5 . 2 ) .  T h i s  was most
15e v i d e n t  w i t h  lu c e rn e  ( F i g .  5 . 2 c ) .  A f t e r  d ay  9, the  6 N decreased
w i t h  t im e ,  a p p a r e n t l y  r e a ch in g  an e q u i l i b r i u m  a f t e r  d ay  30. To
15overcom e th e  e f f e c t  o f  t h i s  in i t ia l  in c rease  in 6 N,  the  est imates  o f
th e  is o top ic  f r a c t i o n a t i o n  f a c t o r ,  B ,  we re  o b ta ined  f rom  the  i n t e r c e p t s
o f  t h e  r e g re s s io n  l ines between 1 /6  N |eg Ume anc* V t i m e  f rom  d ay  9
o n w a rd s  ( B e r g e r s e n  and T u r n e r  1983) .  T h u s ,  B va lues  f o r  t ime
15
i n f i n i t y  w e re  o b ta in ed  and a ny  in i t i a l  changes  in 6 N became 
i n s i g n i f i c a n t .  Va lues o f  B o b ta ined  w i t h  t h i s  method tended  to  be 
lower  tha n  va lu es  f o r  t h e  6 N o f  p la n t  N ob ta ined  a t  days  40 and 
60. T h e  l a t t e r  va lues  (±  S . E . )  f o r  whole  p l a n t  data were  0.606 (±  
0 .0 8 1 ) ,  0.770 (±  0 .0 9 5 )  and 1.228 (± 0 .1 2 0 )  f o r  s u b te r ra n e a n  c lo v e r ,  
w h i te  c lo v e r  and lu c e rn e  r e s p e c t i v e l y .  These  va lu e s ,  and those  in 
T a b le  5 .1 ,  show t h a t  i so top ic  f r a c t i o n a t i o n  d u r i n g  IS^ f i x a t i o n  b y  
l u c e rn e  was s i g n i f i c a n t l y  h i g h e r  tha n  b y  s u b te r r a n e a n  c lo v e r  o r  w h i te  
c l o v e r .
15
T h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  in t h e  6 N o f  N between 
p la n t  p a r t s  f o r  all legumes a t  all h a r v e s t s  ( F i g .  5 . 2 ) .  T h u s ,  t h e r e  
was no s i g n i f i c a n t  d i f f e r e n c e  in t h e  B va lues  es t imated f rom  data  f o r  
who le  p la n ts  o r  shoo ts -a lone  ( T a b le  5 . 1 ) .
5 .4  D is cuss io n  
15T h e  6 N o f  N in t h e  legumes was fo u n d  to inc rease  up to d ay  9 
a f t e r  sow ing  and th e n  decrease  to a r e l a t i v e l y  c o n s ta n t  leve l .  T he  
in i t i a l  i nc rease  was no t  due  to f i x a t i o n  because nodu les  had no t  
been fo rm ed  at  t h a t  s tage o f  g r o w t h .  T he  in c rease  may have  been 
caused b y  f r a c t i o n a t i o n  d u r i n g  rem ob i l i za t ion  o f  seed N ( in
mg
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F ig u r e  5 .1 .  T h e  t ime cou rse  o f  f i x a t i o n  b y  s u b te r r a n e a n  c lo v e r  
( • ) ,  w h i te  c lo v e r  ( 4 )  and lu ce rne  ( A ) .  Each v a lue  is 
t h e  mean o f  t h r e e  re p l i c a te s  and va lu es  at  zero  t ime 
r e p r e s e n t  t h e  n i t r o g e n  c o n te n t  o f  the  seed ( p o t  e x p e r im e n t  
2 ) .
F i g u r e  5 . 2 .  C h a n g e s  w i t h  t im e  in t h e  i s o t o p i c  c o m p o s i t i o n  o f  
n i t r o g e n  in ( a )  s u b t e r r a n e a n  c l o v e r ,  ( b )  w h i t e  c l o v e r  
a n d  ( c )  l u c e r n e  g r o w n  w i t h  a t m o s p h e r i c  as t h e i r  sole
s o u r c e  o f  n i t r o g e n  ( p o t  e x p e r i m e n t  2 ) .  V a lu e s  a r e  f o r
s h o o t s  ( • ) ,  r o o t s  ( O )  and  n o d u l e s  ( ♦ ) •  Each v a l u e  
is t h e  mean o f  t h r e e  r e p l i c a t e s  a n d  b a r s  r e p r e s e n t
S.  E. D.  's .
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conjunction  with some loss of N),  or by the  up take  of t r a ces  of 
inorganic  N which had not been removed from the  growth medium by 
the  pur if ication p rocess  used (see  Berger sen  and T u r n e r  1983).
Legumes were found to d i f fe r  in th e i r  level of isotopic 
f rac tiona tion  d u r ing  f ixation,  as was found by o the r  workers  ( e . g .  
Kohl and S h e a re r  1980; Mariotti e t  aL 1980). These  d i f fe rences  may 
be a fe a tu re  of the  hos t  p lant or th e y  may be due to the  d i f f e r en t  
Rhizobium used .  Rhizobium trifolii s t ra in  TA1 was used for both 
white and s u b te r r a n e a n  clovers  and th e i r  B values  were the  same. 
C onverse ly ,  Steele e t  aL (1983) measured re la tively  large d i f fe rences  
in isotopic frac tionation d u r in g  fixation by white clover us ing
d i f f e r en t  s t r a in s  of R.  t r i fo l i i .
The B value obtained for s u b te r r a n e a n  clover was lower than
th a t  obta ined by B erg e r sen  and T u r n e r  (1983) for the  same spec ies .
This  may also be due  to d i f fe rences  in the  s t ra in  of jR. trifolii used
(TA1 vs .  VVU95) or to d i f fe rences  in growth conditions .  Dif ferent
estimates of B for the  same legume species  have also been obta ined by
o th e r  w orke rs  (see  Table  2 .6 ) ;  negative  B values  were obta ined  in
s tud ie s  in a French labora tory  (Amarger  et  aL 1977; Amarger et  aL
1979; Mariotti et aL 1980) and posit ive  values  were found in s tu d ie s
in a U .S .A .  labora to ry  (Kohl and S h e a re r  1980). The fact  t h a t  th e se
d i f fe rences  between labora tories  may be due to d i f ferences  in isotopic
frac tionation  du r in g  sample p repa ra t ion  cannot be over looked .
However,  if such frac tionation had o c c u r r e d ,  it may not a ffec t  the
estimation of P when equation 31 is used if it was c o n s i s t e n t
th r o u g h o u t  all ana ly ses ,  because  th is  equation is based e n t i re ly  on
15dif fe rences  between measured values  of 6 N.
I l l
T h e  va lue  o f  B can a f f e c t  the  a c c u ra c y  o f  es t imat ion  o f  P b y  the  
15
n a tu r a l  N a bundance  m ethod .  As the  va lue  of  B in c reases ,  the
15d i f f e r e n c e  between B and th e  6 N o f  p la n t -a v a i l a b le  soil N decreases
and th e  e r r o r  in e s t im a t ing  P _  b y  the  s im p l i f i ed  equa t ion  (21 ,  C h a p te r
2)  is in c re a s e d .  T h i s  may be l i kened  to a s h i f t  to  the  le f t  o f  the
c u r v e s  in F ig .  4 .4 .  A lso ,  f o r  a f i x e d  B v a lu e ,  the  e r r o r  in
15es t im a t ion  o f  P inc reases  as the  6 N o f  the  p la n t -a v a i l a b le  soil N 
15( s h o w n  as 6 N in Fig .  5 . 3 )  dec reases ,  and as the  va lue  o f  P
in c reases  ( F i g .  5 . 3 ) .  T h u s ,  B has a n e g l ig ib le  e f f e c t  on the
es t im a t ion  o f  P w he re  the  P va lue  is low a n d / o r  w he re  the  d i f f e re n c e
between  B and the  6 ^ N  o f  s o i l - d e r i v e d  N exceeds 10 8 ^ N  u n i t s .
15Wi th t h e  N iso tope d i l u t i o n  method th i s  d i f f e r e n c e  is a r t i f i c i a l l y
e n la rg e d  and t h e r e f o r e  th e  es t ima t ion  o f  P b y  equa t ions  31 and 32
( C h a p t e r  3 ) ,  w h ich  i n c lu d e  B va lu es ,  wi l l  no t  be s i g n i f i c a n t l y
d i f f e r e n t  f rom  t h a t  b y  the  more s im p l i f i ed  e qua t ions  (15 and 21,
C h a p t e r  2) w h e re  i t  is assumed t h a t  t h e r e  is no iso top ic  f r a c t i o n a t i o n
d u r i n g  N 9 f i x a t i o n .  N e v e r th e le s s ,  the  B va lu es  ob ta ined  f rom the
15i n t e r c e p t s  o f  the  re c ip ro c a ls  o f  8 N and t ime (T a b le  5 . 1 )  were  used
15 15
in all s u b s e q u e n t  es t imates o f  P^ b y  n a tu ra l  N abundance  and N 
iso tope  d i l u t i o n  methods .
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Figure  5 .3 .  Effect of 6 ^ N  of the  re fe re n ce  plant ( 6 ^ N _ :  values  
shown beside  each line) on estimation of the  propor tion  (P )  
of legume n i t rogen  fixed in relation to isotopic frac tionation 
d u r in g  fixation (B = 0.59%o , see Table 5 .1 )  by
s u b te r r a n e a n  clover (C ) .
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C HAPTER 6
ISOTOPIC F R A C T IO N A T IO N  DURIN G REDUC TION OF N IT R A T E  
AND N I T R I T E  BY P LA N T  E X T R A C T S
6.1 I n t r o d u c t i o n
15 15In the  n a tu ra l  N a bundance  and N iso tope d i l u t i o n  methods  
f o r  e s t im a t ing  N^ f i x a t i o n  b y  legumes,  a re fe re n c e  p la n t  is g e n e r a l l y  
used to  es t imate  the  iso top ic  compos i t ion  o f  N assim i lated f rom  th e  soil 
b y  the  legume. T h u s ,  i t  is assumed t h a t  t h e r e  is no is o top ic  
f r a c t i o n a t i o n  d u r i n g  N u p ta k e  f rom  the  soil o r  t h a t  i t  is the  same f o r  
t h e  legume and re fe r e n c e  p la n t .  S tud ie s  w i th  es tab l i shed  p la n ts  have  
g e n e r a l l y  shown t h a t  t h e r e  is l i t t l e  o r  no iso top ic  f r a c t i o n a t i o n  d u r i n g  
u p ta k e  o f  n i t r a t e  and i t  has been conc luded  t h a t  i t  has no s i g n i f i c a n t  
e f f e c t  on the  f i e ld  es t imat ion  o f  N^ f i x a t i o n  b y  N t e c h n iq u e s  (see 
sec t ion  2 . 4 . 4 . 2 ) .  H o w e ve r ,  M a r io t t i  et  aL  (1982) measured  
co n s id e ra b le  i so top ic  f r a c t i o n a t i o n  d u r i n g  u p ta k e  o f  n i t r a t e - N  b y  m i l le t  
d u r i n g  the  f i r s t  week o f  g r o w t h ,  a l t h o u g h  i t  decreased w i t h  t ime 
( F i g .  2 . 1 ) .  T h e y  p roposed  t h a t  t h i s  in i t ia l  e f f e c t  was due  to  is o top ic  
f r a c t i o n a t i o n  b y  the  cy to s o l i c  n i t r a t e  re d uc ta se  ( N R )  enzyme in v o l v e d  
in t h e  r e d u c t i o n  o f  n i t r a t e  to n i t r i t e  w i t h in  t h e  p la n t  s ince th e  NR 
a c t i v i t y  was low i n i t i a l l y  and in c reased  w i th  t ime.  T h is  h y p o th e s i s  
rema ins  u n te s te d .  T h e  n i t r i t e  p ro d u c e d  b y  NR is t h e n  re d uce d  to 
ammonia b y  th e  n i t r i t e  r e d uc ta se  ( N i R )  enzyme in ch lo ro p la s t s  be fo re  
th e  N is ass im i la ted  in to  o r g a n ic  compounds  ( F i g .  6 . 1 ) .  P o te n t i a l l y ,  
i so top ic  f r a c t i o n a t i o n  could  o c c u r  d u r i n g  all ass im i lat ion  p rocesses .
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CHLOROPLASTCYTOSOL
N i g e r i c i n
G1 u tam a te
O th e r  N 
compounds
E le c t r o n
t r a n s p o r t
c h a in
F ig u re  6 .1 .  A s im p l i f i ed  re p re s e n ta t i o n  o f  n i t r a t e  metabo l ism in 
leaves o f  h i g h e r  p la n ts .  A d a p te d  f rom  S i l s b u r y  and Ross 
(1 978 ) .
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T h e  p u r p o s e  o f  t h i s  s t u d y  was to d e te rm ine  the  is o top ic  
f r a c t i o n a t i o n  in each s tep d u r i n g  th e  re d u c t io n  o f  n i t r a t e  to ammonia. 
Because o f  the  d i f f i c u l t i e s  i n v o l v e d  in r e c o v e r in g  n i t r i t e  fo rm ed  f rom  
n i t r a t e  in an i n t a c t  s ys tem ,  a re c o n s t i t u t e d  sys tem c o n s is t i n g  o f  t h e  
n i t r a t e  re d u c in g  sys tem in a cy to s o l i c  and the  n i t r i t e  r e d u c in g  sys tem 
in a c h lo r o p la s t i c  f r a c t i o n  was used f o r  the  c o nve rs io n  o f  n i t r a t e  to 
ammonia. In a d d i t i o n ,  t h e  r e d u c t i o n  o f  n i t r i t e  to ammonia b y  
N iR -a lone  was de te rm ine d  s e p a ra te l y  in a c h lo r o p la s t - o n l y  sys tem .  
When these  systems were  deve loped  f o r  opt imal  a c t i v i t y ,  t h e y  w e re  
scaled up f o r  i so top ic  a na lys is .
6 .2  Expe r im en ta l
6 . 2 . 1 .  General  p ro c e d u re s
6 . 2 . 1 .1  P lant  c u l t u r e
Sp inach  ( Sp inac ia  o leracea L . )  p lan ts  were  g ro w n  h y d r o p o n i c a l l y  
in a g la sshouse .  Hoag lands  so lu t ion  ( H e w i t t  1966) c o n ta in in g  11 mM 
NO^ was used as the  g r o w t h  med ium.
6 . 2 . 1 . 2  N i t r i t e ,  ammonia,  c h lo r o p h y l l  and p ro te in  assays 
N i t r i t e  was assayed b y  th e  s u lp ha l in a m id e - (1  - n a p h t h y l )
e th y le n e d ia m in e .  HCI method ( H e w i t t  and Nicho las  1964; M i f l i n  1974).  
Ammonia was de te rm ine d  b y  the  method o f  Chaney  and M arbach  
(1 9 62 ) ,  as d e s c r ib e d  b y  B e r g e rs e n  (1980 ) .
C h lo r o p h y l l  ( C h i )  was assayed b y  the  p ro c e d u re  o f  A r n o n  
(1949 ) .  A 1:100 ( v : v )  m i x t u r e  o f  c h lo ro p la s t s  and 80% acetone was 
c e n t r i f u g e d  at  15,000 c[ f o r  5 min .  T he  abso rbance  ( A )  o f  t h e  
s u p e r n a t a n t  at  652 nm was de te rm ine d  and the  c o n c e n t r a t io n  o f  Chi
ca lcu la ted  as fo l lo w s :
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Chi ( | j g  ml = A c c ~ x 27.8 x 100. 
b bL
T h e  p ro te in  c o n te n t  o f  the  c y to s o l i c  e x t r a c t s  was measured b y  the  
method o f  L o w ry  et  aL  (1951) us ing  bov ine  serum a lbum in  as 
s t a n d a r d .
6 . 2 . 1 . 3  Sepa ra t ion  o f  c y toso l i c  e x t r a c t s
F re s h ly  h a r v e s t e d ,  f u l l y - e x p a n d e d  leaves were  d e r ib b e d  and 
g r o u n d  w i th  a m o r ta r  and pes t le  u s ing  a 1:1 ( w : v )  ra t io  o f  leaves 
and g r i n d i n g  so lu t i o n .  T h e  g r i n d i n g  so lu t ion  (G )  con ta in ed  5 mM 
d i t h i o t h r e i t o l  to  p r e v e n t  o x id a t io n  of  s u lp h y d r a l  g r o u p s ,  0.1% bov ine  
se rum a lbum in  to in a c t i v a te  p ro teases ,  and 0.2% p o l y v i n y l - p y r r o l i d o n e  
40 to  i n a c t i v a te  p o l y p h e n o ls ,  in medium C. Medium C cons is ted  of  
0 .3M s o r b i t o l ,  an asmot icum, 2 mM d isod ium EDTA to chelate  h ea vy  
meta ls ,  1 mM M gC I2 .6 H 20 and 1 mM M n C I9 .4 H 90 to a c t i va te  enzym es ,  
0 .5  mM K H 2 PO^ f o r  p h o s p h o r y la t i o n  b y  c h l o r o p l a s t s , and 50 mM 
HEPES b u f f e r  a d jus ted  to pH 7 .6 .  T he  g r o u n d  suspens io n  was
f i l t e r e d  t h r o u g h  two  laye rs  of  M ir ac lo th  and the  f i l t r a t e  was 
c e n t r i f u g e d  at  21,000 £  f o r  20 min to remove p a r t i c u la t e  m a t te r .  T h e  
s u p e r n a t a n t  was added to a Sephadex  G-25 column (10 mm d ia m e te r  x 
120 mm lo n g )  and e lu ted  w i th  medium C, to remove small mo lecu les,  
i n c l u d i n g  n i t r a t e .
6 . 2 . 1 . 4  Isolat ion  o f  ch lo ro p la s t s
D e r ib b e d  leaves were  homogenized in a b r e a k in g  medium A u s in g  
a 1 :10  ( w : v )  r a t i o ,  r e s p e c t i v e l y .  Medium A was iden t ica l  to so lu t ion  
G, e x c e p t  t h a t  50 mM MES b u f f e r ,  pH 6 .1 ,  was used ins tead  of  
HEPES as c h lo ro p la s t s  are  more ac t i ve  u n d e r  s l i g h t l y  acid c o n d i t i o n s  
and th e  p o l y v i n y l - p y r r o l i d o n e  40 was rep laced  w i t h  2 mM isoascorba te
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to main ta in  r e d u c i n g  co n d i t io n s .  T h e  homogenate  was f i l t e red  t h o u g h  
two l a y e r s  of c h e e se c lo th  and  t h r e e  l aye rs  of Miracloth ,  and  th e  
f i l t r a t e  was c e n t r i f u g e d  a t  1,500 £  fo r  75 sec .  T h e  pel le t  was 
c a r e fu l ly  r e s u s p e n d e d  in a total volume of 35 ml medium C and 
c e n t r i f u g e d  a t  370 £  fo r  60 sec .  T h i s  pe l le t  con ta ined  c h lo ro p la s t s  
and  was r e s u s p e n d e d  in 2 ml of medium C be fo re  u se .
6 . 2 . 1 . 5  N i t r a t e  r e d u c t a s e  a c t iv i t y
NADH oxida tion  and  n i t r i t e  p r o d u c t io n  p r o c e d u r e s  were  com pared  
f o r  a s s a y i n g  t h e  NR ac t iv i t y  (NRA) of t h e  cy toso l ic  e x t r a c t s .  T h e  
r a t e  of NADH ox ida t ion  was m e a su re d  s p e c t ro p h o to m e t r i c a l ly  at  340 nm 
in a 1 ml volume co n ta in in g  1 mM d i t h i o t h r e i t o l , 0 .2  mM NADH, 40 mM 
KNO^, 100 pi medium C and  cy toso l ic  e x t r a c t  ( e q u i v a l e n t  to a b o u t  200 
pg p r o t e i n ) .  A f te r  4 min,  t h e  reac t ion  was s to p p e d  by  a dd ing  100 pi 
of 1M zinc a c e t a t e  and  t h e  n i t r i t e  p r o d u c e d  was a n a l y s e d .
6 . 2 . 1 . 6  N i t r i te  r e d u c t a s e  a c t iv i t y
N i t r i te  r e d u c t a s e  a c t i v i t y  (NiRA) of c h lo ro p la s t s  was a s s a y e d  by
-2 -1m e a s u r i n g  O2 evo lu tion  in t h e  l igh t  (1 mEins tein m s )
p o l a ro g r a p h ic a l ly  with a C la rk  e l e c t ro d e .  T h e  c h l o ro p l a s t s
( e q u i v a l e n t  to a b o u t  100 pg Chi)  w ere  in c u b a te d  a t  25°C in a reac t ion  
m i x tu r e  ( 3 . 3  ml) c o n ta in in g  10 mM D L - g ly c e r a ld e h y d e  ( to  in h ib i t  CO^ 
f i x a t i o n ) ,  c a t a la se  (180 U ml ; to remove a n y  H^O^ p r o d u c e d  ) ,  2 .2  
mM NaNO^ and  medium C.
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6 . 2 . 2  Deve lopm en t  o f  a sys tem f o r  s t u d y i n g  iso top ic
f r a c t i o n a t i o n  d u r i n g  r e d u c t i o n  o f  n i t r a t e  and n i t r i t e
6 . 2 . 2 .1  P r e l im in a r y  s tud ie s  o f  n i t r i t e  r e d uc t io n  
P r e l im in a r y  s tud ie s  on the  re q u i r e m e n ts  f o r  opt imum NiR A by
c h lo r o p la s t s - a lo n e  in v o l v e d  u s in g  th e  same p r o c e d u r e  as d e s c r ib e d  in 
sec t ion  6 . 2 . 1 . 6 ,  e x c e p t  t h a t  0 .3  pM n i g e r i c i n ,  to i n h i b i t  g lu tamate  
fo r m a t io n  and enhance  re d u c t i o n  o f  Fd b y  u n c o u p l i n g  ATP fo rm a t ion  
( F i g .  6 . 1 ) ,  was in c lu d e d  in the  reac t ion  m i x t u r e .  A f t e r  a f i x e d  
in c u b a t io n  p e r io d ,  the  reac t ion  was s topped  b y  add in g  380 pi o f  1M 
z in c  aceta te  and the  m ix t u r e  was c e n t r i f u g e d  at  21,000 ci f o r  20 min 
to  p r e c ip i t a t e  the  p r o te i n s .  Ammonia in the  s u p e r n a ta n t  was co l lec ted 
b y  d i f f u s i o n  and a na lysed .
6 . 2 . 2 . 2  Iso top ic  f r a c t i o n a t i o n  s tud ies  o f  n i t r i t e  r e d u c t i o n
On the  basis o f  the  p r e l im i n a r y  s tud ies  the  fo l l o w in g  scaled up
reac t ion  was used .  C h lo ro p la s t s  c o n ta in in g  abou t  4 .5  mg c h lo r o p h y l l
w e re  i n c u b a te d  in a g lass  conical  f l a s k  (250 ml)  w i t h  0 .3  pM
n i g e r i c i n ,  10 mM D L - g l y c e r a l d e h y d e ,  cata lase (180 U ml ) ,  5 mM
NaNC^ and medium C in a f in a l  vo lume o f  60 ml.  T h i s  reac t ion
m i x t u r e  was shaken in a 25°C w a te r b a th  and i l l um ina ted  a t  500 
-2 -1
p E in s te in  m s . A f t e r  30 m in ,  the  reac t ion  was s topped  b y  the
a d d i t i o n  o f  10 ml o f  1M z inc  aceta te  and the  m ix t u r e  was c e n t r i f u g e d
at  21,000 c[ f o r  20 m in .  Ammonia in the  s u p e r n a ta n t  f rom  two  such
15reac t ion  m ix t u r e s  was re c o v e re d  b y  d i f f u s i o n  and ana lysed  f o r  N.
6 . 2 . 2 . 3  P r e l im in a r y  s tud ie s  o f  n i t r a t e  re d u c t io n  
P r e l im in a r y  s tud ie s  on the  r e q u i r e m e n ts  f o r  op t im um a c t i v i t y  o f  a
r e c o n s t i t u t e d  sys tem o f  c y to s o l i c  e x t r a c t  ( c o n ta in in g  NR )  and
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c h lo r o p la s t s  ( c o n ta i n i n g  N iR )  i n v o l v e d  u s ing  the  same p r o c e d u re  as 
o u t l i n e d  in sec t ion  6 . 2 . 2 .1  e x c e p t  t h a t  t h e  reac t ion  m ix t u r e  also 
c o n ta in ed  0 .2  mM NADH and c y to s o l i c  e x t r a c t  ( a b o u t  3 mg p r o t e i n ) ,  
and th e  NaNO^ was rep laced  w i t h  40 mM KNO^.  T he  vo lumes of  
c y to s o l i c  e x t r a c t  and c h lo r o p la s t  suspens io n  used were  ad jus ted  to 
ach ieve  a know n NRA to  N iRA ra t io .  O x y g e n  evo lu t io n  (an est imate 
o f  N i R A ) ,  and N O ^ a n d  NH^ p r o d u c t i o n  were  measured .
6 . 2 . 2 . 4  Time cou rse  s tud ie s  o f  n i t r a t e  re d u c t io n
B e fo re  i so top ic  f r a c t i o n a t i o n  s tud ie s  were  c o n d u c te d ,  the  
tem po ra l  p a t t e r n s  o f  p r o d u c t i o n  o f  NO^ and NH^ b y  the  re c o n s t i t u t e d  
sys tem w ere  examined in a scaled up v e rs io n  o f  the  p r e l im i n a r y  
s t u d ie s .  In these  s t u d ie s ,  c y to s o l i c  e x t r a c t  c o n ta in in g  abou t  50 mg 
p r o te i n  and c h lo ro p la s t s  ( s u f f i c i e n t  to  ach ieve  a NRA to NiRA ra t io  of  
1 : 5 )  were  in c u b a te d  in a g lass  conical  f l a s k  (250 ml)  w i th  0 .3  pM 
n i g e r i c i n ,  10 mM D L - g l y c e r a l d e h y d e ,  1 mM N A D H ,  cata lase (180 U 
ml ^ ) ,  40 mM KNO^ and medium C in a f ina l  vo lume o f  80 ml.  A ssay  
c o n d i t i o n s  we re  the  same as d e s c r ib e d  in sec t ion  6 . 2 . 2 . 2 .  A l i q u o t s  (9 
m l)  o f  reac t ion  m i x t u r e  were  removed at  2, 5, 10, 15, 20 and 30 min 
a f t e r  commencing i n c u b a t io n  and th e  reac t ion  was s topped  b y  a d d i t i o n  
o f  1 .5  ml o f  1M z inc  aceta te ,  and the  m ix t u r e  c e n t r i f u g e d  at  21,000 £  
f o r  30 m in .  N i t r i t e  and ammonia in the  s u p e r n a ta n t  were  re c o v e red  
and a na ly s e d .
6 . 2 . 2 . 5  Iso top ic  f r a c t i o n a t i o n  s tud ies  on n i t r a t e  r e d u c t i o n  
T h e  p r o c e d u r e  used in these  s tud ie s  was the  same as t h a t
o u t l i n e d  in sec t ion  6 . 2 . 2 . 4  e x c e p t  t h a t  the  f ina l  vo lume of  the  reac t ion
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m i x t u r e  was 20 ml and t h a t  a d d i t i o n s  o f  NADH and N O ^ ,  in amounts
e q u i v a le n t  to those  in the  in i t ia l  re ac t ion  m i x t u r e ,  W'ere made at  10
and 20 m in ,  and at  15 min r e s p e c t i v e l y  a f t e r  the  s t a r t  o f  the
e x p e r im e n t s .  T h e  reac t ion  m ix t u r e  was in cu ba ted  f o r  a tota l  o f  30
min and th e  reac t ion  was s topped  w i t h  15 ml o f  1M z inc  ace ta te ,  and
th e  m i x t u r e  c e n t r i f u g e d  at  21,000 £  f o r  30 min .  A co n t ro l  t r e a t m e n t ,
in w h ic h  th e  z inc  acetate was added to the  reac t ion  m ix t u r e  p r i o r  to
t h e  in i t ia l  NO^ a d d i t i o n ,  was also used to measure b a c k g r o u n d  NH^
and i t s  i so top ic  com pos i t io n .  Ammonia in the  s u p e r n a ta n t  f ro m  the
15re ac t ion  m i x t u r e  was re c o v e red  b y  d i f f u s i o n  f o r  N ana lys is .
6 . 2 . 2 . 6  R ecove ry  o f  ammonia b y  d i f f u s i o n  
T h e  p r o c e d u r e  o f  Conway  (1939) adap ted  b y  B e rg e rs e n  (1980) 
was used to  re c o v e r  NH^ f ro m  the  reac t ion  m i x t u r e s .  Samples o f  the  
reac t ion  m i x t u r e  we re  a d jus te d  to pH 11.5 w i th  10M NaOH in a conical  
f l a s k  sealed w i th  a r u b b e r  s t o p p e r .  F i l t e r  p ap e r  im p re g na te d  w i t h  
0 .2  mmol H^SO^ was suspended  above  the  m ix t u r e  b y  a s ta in less  steel  
w i r e  in s e r t e d  in to  t h e  r u b b e r  s t o p p e r .  T he  assemblies were  he ld  at  
20°C u n t i l  all NH^ was r e c o v e r e d .  T h is  method was chosen to 
min im ise  h y d r o l y s i s  o f  amides p r e s e n t  in the  p la n t  e x t r a c t s  
( B e r g e r s e n  1980).
In the  p r e l i m i n a r y  s tud ie s  i n v o l v i n g  a small vo lume o f  re ac t ion
m i x t u r e  ( a b o u t  3 m l ) ,  25 ml f l a s k s  were  used and the  d i f f u s i o n  p e r io d
15was 18 h r .  H o w e ve r ,  in the  N s tu d ie s  the  p r o c e d u r e  was scaled up
15to  p r o v id e s  s u f f i c i e n t  NH^ f o r  N a n a ly s is ;  a bo u t  100 ml o f  re a c t ion  
m i x t u r e  was used in 11 f l a s k s  and the  d i f f u s i o n  p e r iod  was 5 d a y s .
A f t e r  i n c u b a t io n ,  t h e  f i l t e r  p ap e r  was removed and t r a n s f e r r e d  
to  a v ia l  c o n ta in in g  1 ml o f  d i s t i l l e d  H^O. A f t e r  m i x i n g ,  an a l i q u o t
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was tak e n  f o r  N a n a l y s i s  and w h e re  a p p r o p r i a t e ,  the  re m a in de r  was 
15 15
ana lysed  f o r  N. T h e  N c o n c e n t r a t i o n s  o f  the  NO~ and NO "
O  C.
s u b s t r a t e s  were  d e te rm ine d  a f t e r  re d u c t i o n  to N H 3 b y  d i s t i l l a t i o n  (see 
sec t ion  3 . 3 . 2 . 4 ) .
6 .3  Resu l t s
6 .3 .1  P ro p e r t ie s  o f  the  sys tem used
6 . 3 . 1 .1  A c t i v i t y  o f  the  i n d i v i d u a l  enzymes
T h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  between the  est imates  o f  NRA
in the  c y to s o l i c  e x t r a c t s  b y  the  NADH o x id a t io n  o r  the  NO^
p r o d u c t i o n  methods ( T a b le  6 . 1 ) .  T h u s ,  the  s im p le r  NADH o x id a t i o n
p r o c e d u r e  was chosen as the  main method f o r  assay ing  NRA.  N i t r a t e
re d u c ta s e  a c t i v i t y  was e ss en t ia l l y  the  same w h e th e r  KNO^ was added
at  2 .5 ,  10, 20 and 40 mM and t h e r e f o r e  40 mM was used in all
s u b s e q u e n t  assays because o f  the  d e s i re  to ma in ta in  a h ig h  s u b s t r a t e  
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c o n c e n t r a t i o n  in N s tud ie s  (see sect ion  3 . 4 ) .
D u r i n g  the  r e d u c t i o n  o f  NO^ in c h lo ro p la s t s  in the  l i g h t ,  ra tes  
o f  C>2 e v o lu t io n  we re  1 . 3 - 1 . 7  t imes h i g h e r  than  those  f o r  NH^ 
p r o d u c t i o n  ( T a b le  6 . 2 ) .  When the  u n c o u p l e r ,  n i g e r i c i n ,  was o m i t ted  
f ro m  th e  reac t ion  m i x t u r e ,  t h e  NiRA was lowered (T a b le  6 . 2 ) .
6 . 3 . 1 . 2  A c t i v i t y  o f  the  r e c o n s t i t u t e d  sys tem
T h e  ra t ios  o f  ne t  e vo lved  to NH^ p ro d u c e d  in t h e
r e c o n s t i t u t e d  sys tem c o n ta in in g  c y to s o l i c  e x t r a c t  and c h lo ro p la s t s  w e re  
r e l a t i v e l y  c o n s ta n t  and s im i la r  to those  fo u n d  f o r  c h lo r o p la s t s - a lo n e  
(com pa re  T ab les  6 .3  and 6 . 2 ) .  Net  va lues  f o r  e v o lu t io n  we re  
r e q u i r e d  because consum p t ion  was re co rd ed  in all cases w i t h  t h e  
combined  N R /N iR  sys tem w h e re  t h e r e  was no inc rease  in NH^
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p r o d u c t i o n  (compare  Tab le  6 .3  and F ig .  6 . 2 ) .  Rates o f  p r o d u c t i o n  
o r  co nsu m p t io n  were  l in e a r  f o r  the  15 min measurement  pe r iod  ( F i g .  
6 .2).
In o r d e r  to es tab l i sh  t h a t  t h e  re c o n s t i t u t e d  sys tem f u n c t i o n e d  as 
shown in F ig .  6.1 and t h a t  the  sys tem r e q u i r e d  a s u b s t r a t e  b e fo re  
NH^ was p r o d u c e d ,  the  e f fe c ts  o f  v a r y i n g  the  c o n s t i t u e n t s  o f  the  
sys tem  were  exam ined .  No NO^ was p ro d u c e d  (T a b le  6 .3 )  and 
was consumed ( F i g .  6 . 2 )  when e i t h e r  the  NR,  NADH o r  NO^ were  
o m i t ted  f rom  the  sys tem ,  a l t h o u g h  a m in o r  amount  o f  NH^ was f o r m e d .  
Maximum amounts  o f  NO^ were  p ro d u c e d  when the  c h lo ro p la s t s  we re  
o m i t t e d ,  when T r i t o n  X -100  was used to d i s r u p t  the  c h lo ro p la s t s  o r  
when  d a r k  c o n d i t i o n s  were  m a in ta ined .  An inc rease  in NH^ 
p r o d u c t i o n  and e vo lu t io n  ( o v e r  t h a t  o f  the  b a c k g r o u n d )  r e q u i r e d  
NR ( c y to s o l i c  f r a c t i o n ) ,  NiR ( c h l o r o p l a s t s ) ,  NAD H ,  NO^ and l i g h t .  
U n d e r  these  c o n d i t i o n s ,  when the  N R A : N iR A  ra t io  was 1 : 2 . 3 ,  t h e  
am oun t  of  NH^ fo rm ed  was 1 . 3 - 1 . 7  t imes t h a t  o f  the  NO^ ( T a b le
6 . 3 a ) .  When th e  ra t io  o f  a c t i v i t i e s  was inc reased  to 1 : 4 . 7 ,  t h e  
am oun t  o f  NH^ fo rm ed  was 7 .3 - 1 7 . 3  t imes t h a t  o f  the  NO^ ( T a b le
6 . 3 b ) .  T h e  combined p r o d u c t i o n  o f  NO^ and NH^ o v e r  the  15 min 
p e r io d  was close to t h a t  es t imated f rom  the  NRA ( e . g .  78-95%, T a b le  
6 . 3 a ) .
T h e  NC>2 - d e p e n d e n t  e v o lu t io n  inc reased  m a r k e d ly  as th e
N R A : N iR A  ( i . e .  c y t o s o l i c : c h lo r o p l a s t i c  f r a c t i o n )  ra t io  in c reased  f ro m
1:1 to 1 :3  ( F i g .  6 . 3 ) .  T h e  e f f e c t  o f  NADH c o n c e n t r a t i o n  on
NO^ - d e p e n d e n t  e v o lu t io n  was also examined u s ing  a N R A : N i R A
ra t io  o f  1 :4 .  Values o b ta ined  f o r  ne t  e vo lu t io n  were  7 .9 ,  9 .8 ,
-1 -19 .2 ,  9 .8  mmol (mg p r o t e i n )  min at  NADH c o n c e n t r a t i o n s  o f
0 .1 ,  0 .5 ,  1 .0  and 2 .0  mM r e s p e c t i v e l y .  T h u s ,  maximum a c t i v i t y  b y
th e  r e c o n s t i t u t e d  sys tem was o b ta ined  at  a bou t  0 .5  mM NAD H .
F i g u r e  6 . 2 .  P a t t e r n  o f  o x y g e n  e v o l u t i o n  o r  c o n s u m p t i o n  f r o m  a
r e c o n s t i t u t e d  s y s t e m  o f  c y t o s o l i c  e x t r a c t  and
c h l o r o p l a s t s  ( see  T a b l e  3 f o r  d e t a i l s ) .  A ,  c o m p le t e ;
B ,  m i n u s  N A D H ;  C ,  m in u s  c y t o s o l i c  e x t r a c t ;  D ,  m in u s
NC>2 . D o u b l e - t a i l e d  a r r o w s  s how  t h e  t im e  o f
i l l u m i n a t i o n .  S i n g l e - t a i l e d  a r r o w s  d e n o t e  t im es  o f
a d d i t i o n  o f  NO^ o r  N A D H .  V a lu e s  b e s id e  t h e  c u r v e s
-1
r e p r e s e n t  r a t e s  o f  o x y g e n  p r o d u c t i o n  in nmol  min
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NRA :Ni RA
F ig u r e  6 .3 .  E f fec t  o f  the  ra t io  o f  n i t r a t e  re d u c ta s e  a c t i v i t y  ( N R A )  to
n i t r i t e  re d uc ta s e  a c t i v i t y  ( N i R A )  on ne t  n i t r a t e - d e p e n d e n t
o x y g e n  e v o lu t io n  f rom  a r e c o n s t i t u t e d  sys tem o f  c y to s o l i c
e x t r a c t  and c h lo ro p la s t s  f ro m  sp inach  leaves.  C y to s o l i c
e x t r a c t  ( 3 . 3  mg p r o t e i n )  w i t h  a NRA o f  29 .4  nmol NO^ 
-1min was used f o r  all m easu rem en ts .
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Time c o u r s e  s tu d i e s  on l a rge  volume,  r e c o n s t i t u t e d  sy s tem s  
showed  t h a t  t h e r e  was a lag in th e  p ro d u c t i o n  of NH3 for  10-15 min 
a f t e r  add i t ion  of NO^ , b u t  l inear  r a t e s  w ere  s u b s e q u e n t l y  ob ta ined  
( F ig .  6 . 4 ) .  T h e r e  a p p e a r e d  to be an i n c r e a s e  in th e  amount of NO^ 
p r o d u c e d  t h r o u g h o u t  t h e  m e a su re m e n t  p e r io d ,  b u t  levels were  small 
com pared  with t h e  am ounts  of NH3 p r o d u c e d  (7-10% a t  30 min) .
6 . 3 . 2  Isotopic  f r ac t io n a t io n
15A s t u d y  on t h e  c h a n g e s  in 6 N of NH3 evolved  from an
( N H ^ ^ S C ^  solu t ion  ( a d j u s t e d  to pH 11 .5 )  in t h e  la rge  (1 I) d if fus ion
f l a s k s  showed t h a t  d i f fus ion  was incomplete  a f t e r  two d a y s  (a 6 N of
-3.01%o with r e s p e c t  to t h e  so lu t ion be ing  m e a s u r e d ) .  However ,  by
15d a y s  4 and  6, th e  6 N of th e  d i f fu s e d  NH3 was th e  same as t h a t  of
t h e  o r ig ina l  so lu t ion .  T h u s ,  a f ive d a y  per iod  was chosen  for
15d i f fu s ion  of t h e  samples  fo r  N a n a l y s i s .  Four  r ep l i ca te s  of th e
( N H ^ ^ S O ^  solu t ion in medium C and zinc a c e ta t e  were  also d i f fu s ed
and  a n a ly se d  fo r  ^ N .  T h e  6 ^ N  of t h e  NH3 p ro d u c e d  (2 .9 9  ±
0.14%o) was no t  s ig n i f i c a n t ly  d i f f e r e n t  from t h a t  of th e  or ig inal
so lu t ion  (2 .8 9  ± 0.02%o).
15T h e  6 N of NH3 p r o d u c e d  by  t h e  r e c o n s t i t u t e d  sys tem  was 
s ig n i f i c a n t ly  (P < 0 .0 1 )  lower t h a n  t h a t  of t h e  s u b s t r a t e  NC>3 (T a b le
6 . 4 )  . T h u s ,  iso topic  f r a c t io n a t io n  ( -8 .85%0 ) was ob ta ined  (T a b le
6 . 4 )  . Deplet ion of t h e  s u b s t r a t e  NC>3 d u r i n g  t h e  reac t ion  was small 
(< 5%) and  t h e r e f o r e  un l ike ly  to have  a f f e c t e d  th i s  es t im ate .  In th e  
r e c o n s t i t u t e d  s y s t e m ,  t h e  NH3 p r o d u c e d  from th e  contro l  ( i . e .  
i n a c t iv a te d  e n z y m e s )  was r e la t ive ly  la rge  ( c a .  20%) compared  with t h a t  
of t h e  ac t ive  sys tem  ( T a b le  6 . 4 ) .  If t h e  es t imate  of iso topic
129
Figure  6 .4 .  Nitri te and ammonia p roduc t ion  from n i t r a te  by a 
recons t i tu ted  system of cytosolic e x t r a c t  and chloroplast s  
from sp inach leaves.  The ratio of n i t r a te  r ed u c ta se  activ ity  
to n i t r i te  r e d u c ta se  ac tiv ity  was 1 :5 .  Values are  given for 
two s ep a ra te  exper iments  ( O / A ) .
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f r a c t i o n a t i o n  is a d jus te d  f o r  t h i s  ' b a c k g r o u n d 1 NH^,  a va lu e  of
-14.89%0 is ob ta in ed  (T a b le  6 . 4 ) .
15T h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  between the  6 N o f  the  NH^
p r o d u c e d  b y  the  c h lo r o p la s t  sys tem and t h a t  o f  the  s u b s t r a te  NO^
( T a b le  6 . 4 ) ,  i n d i c a t i n g  t h a t  t h e r e  was no is o top ic  f r a c t i o n a t i o n  d u r i n g
NC>2 r e d u c t i o n .  A l t h o u g h  t h e r e  was s i g n i f i c a n t  dep le t ion  in the  NO^
s u b s t r a t e  d u r i n g  th e  assay (ca .  10%), t h i s  wi l l  have had l i t t l e  e f fe c t
on th e  es t imate  o f  i so top ic  f r a c t i o n a t i o n  ( i . e .  -0 .4 2  and -0.44%o us ing
e q u a t io n s  38 and 39, C h a p t e r  3, r e s p e c t i v e l y ) .  In t h e  NiR sys tem ,
15t h e  amoun t  o f  NH^ p ro d u c e d  f rom  the  co n t ro l  was i n s u f f i c i e n t  f o r  N 
a na ly s is  ( T a b le  6 . 4 ) .  I f  t he  6 ^ N  o f  the  N H ^ -N  p ro d u c e d  b y  the
c o n t r o l  was the  same as t h a t  f o r  the  c o n t ro l  in t h e  r e c o n s t i t u t e d
s y s tem ,  t h e  es t ima te  o f  i so top ic  f r a c t i o n a t i o n  f o r  N iR ,  ad jus te d  f o r  the  
c o n t r o l  wou ld  be a bo u t  -4.4%0 . T h i s  va lue  is also u n l i k e l y  to be 
s i g n i f i c a n t l y  d i f f e r e n t  f rom  ze ro .  T h u s ,  i so top ic  f r a c t i o n a t i o n  in the  
c h lo r o p la s t  sys tem was n e g l i g ib le  compared  w i th  t h a t  o f  the  
r e c o n s t i t u t e d  sys tem .
6 .4  D iscuss io n
6 .4 .1  P ro p e r t ie s  of  the  sys tem used
In the  c h lo r o p la s t  s tu d ie s ,  the  ra t ios  ob ta ined  f o r  NH^
p r o d u c t i o n  re la t i v e  to ne t  o x y g e n  e v o lu t io n  (w h e r e  CC>2 f i x a t i o n  was 
i n h i b i t e d )  ra n ge d  f rom  1 :1 . 3  to 1 : 1 . 7 ;  these are in ag reem en t  w i th  
the  o p e ra t io n  o f  a p h o t o s y n t h e t i c a l l y - c o u p le d  n i t r i t e  r e d u c t i o n ,  v i z . ,
h 2o  + h n o 2 h v NH + -  O 
6 2NiR
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-1 -1T h e  r a t e s  of NiRA v a r i e d  from 19 to 45 pmol (mg Chi)  h r  and a re  
simi la r  to t h e  s h o r t - t e r m  r a t e s  r e c o r d e d  by  P laut  et  aL (1977).  
T h e s e  r a t e s  w ere  r e la t iv e ly  low when n ige r ic in  was omitted from th e  
r e a c t io n  m i x t u r e ,  p r e s u m a b l y  d u e  to a d e c r e a s e  in th e  formation of 
r e d u c e d  f e r r i d o x i n  and  t h e r e f o r e  a d e c r e a s e  in th e  r a t e  of NiRA ( s e e  
Fig.  6 . 1 ) .
T h e  r e s u l t s  from t h e  r e c o n s t i t u t e d  sy s tem  of cy toso l ic  e x t r a c t  
an d  c h l o ro p l a s t s  s u p p o r t  t h e  scheme fo r  NO^ metabolism ou t l ined  in 
Fig.  6 . 1 .  T h u s ,  in th i s  s y s t e m ,  NO^ was only  p r o d u c e d  by  NR when 
NO^ ( t h e  s u b s t r a t e )  and  NADH (an  e lec t ron  d o n o r )  were  a d d e d .  The  
s u b s e q u e n t  p r o d u c t i o n  of NH3 from NO^ was d e p e n d e n t  on l igh t  and 
a c t i v e  c h l o r o p l a s t s ,  d e m o n s t r a t i n g  t h a t  NiR is located within th e  
c h l o ro p l a s t s  (M agalhaes  e t  aL 1974; Miflin 1974).  T h e s e  a s s a y s  
r e v e a le d  t h a t  n e a r  maximum NH3 p ro d u c t io n  r e q u i r e d  th e  NiRA to be 
a t  le a s t  t h r e e  t imes t h e  NRA. In th e  leaves  of most  p la n ts  th e  
NRA:NiRA ra t io  g e n e r a l l y  r a n g e s  from 1:5  to 1:20 ( B e e v e r s  and  
Hageman 1980),  in d ica t in g  t h a t  NR ac t iv i t y  could be a limiting s t e p  in 
NOg a s s im i la t io n .
6 . 4 . 2  Isotopic  f r ac t io n a t io n
Isotop ic  f r ac t io n a t io n  was m e a su re d  d u r i n g  th e  r e d u c t io n  of NC>3 
to NH^ and  th i s  could have  o c c u r r e d  a t  seve ra l  s t e p s :  1) r ed u c t io n
of NO" to NO~ by  NR, 2) d i f fus ion  of NO^ into th e  c h l o ro p l a s t s ,  3) 
r e d u c t io n  of NO" to NH3 by  NiR,  and  4) d i f fus ion  of NH3 o u t  of th e  
c h l o r o p l a s t s .  H owever ,  s t e p s  2, 3 and  4 w ere  also p r e s e n t  in t h e  
s t u d i e s  on th e  r e d u c t io n  of NO^ to NH3 in which  no isotopic  
f r a c t io n a t io n  was m e a s u r e d .  T h i s  ind ica te s  t h a t  th e  o b s e r v e d  
f r a c t io n a t io n  was a s s o c ia t ed  with t h e  r e d u c t io n  of NC>3 to NO^ by  NR.
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15The  isotopic frac tionation fac to r  (calculated as A6 N, Table 6 .4 )  of
-15%0 (ad jus ted  for b ackg round  N) is similar to the  value (-18%0)
est imated for isotopic frac tionation du r in g  absorption  of NO^ by 3 
d ays -o ld  seedlings  of millet (ad ju s ted  for seed N) by Mariotti et  aL 
(1982; Fig. 2 .1 ) .  These  a u th o rs  proposed th a t  th is  was due to 
isotopic frac tionation assoc iated with NR, at  a s tage  when NR was
limiting the  assimilation of NO^ . However,  they  measured little 
change  in the  amount of N in the  seedlings  rela tive to th a t  in the  
seed ( fo r  similar ch an g e s ,  see Fig. 5 .1 )  and th e re fo re  the  e r ro r
associa ted  with the  isotopic frac tionation fac to r  must have been large.  
Also,  th e i r  o bse rved  isotopic frac tionation could have been associated 
with remobilization of seed N.
If isotopic frac tionation d u r in g  any one process  ( e . g .  NO^
reduct ion  or remobilization of seed N) is to be ex p re s sed  in terms of 
15d if fe rences  in N concentra t ion  between total plant N and s u b s t r a t e  
N, some loss of N from the  p lant must occur .  Loss of plant N is only 
likely to occur  by d i rec t  excretion  from roots ( e . g .  Virtenan et  aL 
1937) or  by gaseous  losses from ab o v e-g ro u n d  p a r t s  ( e . g .  Wetselaar 
and F a rq u h a r  1980). Direct  excre t ion  of n i t rogenous  compounds from 
in tac t  roots of growing plants  can occu r ,  bu t  the  conditions for th is  
a re  v e r y  specific and it is not cons idered  impor tant un d e r  normal 
growing conditions (B u t le r  et  aL 1959). The  sub jec t  of gaseous 
losses of N from a b o v e -g ro u n d  p a r t s  of p lan ts  was reviewed by 
Wetselaar and F a rq u h a r  (1980) and F a rq u h a r  et  aL (1983) and they  
concluded t h a t  losses of NH^ from the  stomata may be s ignif icant.  
However,  if s ignif icant losses o ccu r ,  they  ap p ea r  to be confined to 
the  period late in plant g row th ,  between an thes is  and m a tu r i ty ,  and 
associa ted  with breakdown of p ro te ins  in senescing  leaves (Thimann
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1980) .  I f  d i f f u s i o n  of  NH^ is the  s tep  l im i t in g  loss o f  NH^ f rom  the
15s tomata ,  i t  can be ca lcu la ted  t h a t  t h e  6 N o f  N b e i n g  los t  f rom
th e  p l a n t  wi l l  be -18%0 r e la t i v e  to t h e  source  ( F a r q u h a r  e t  aL  1983).
U n f o r t u n a t e l y ,  t h e  m a g n i tu d e  o f  NH^ loss f rom  p lan ts  is u n k n o w n ,
- 2  -1a l th o u g h  i t  is t h o u g h t  to  be small (< 3 nmol m s ; G . D .  F a r q u h a r ,  
p e r s . comm. ) .
T h e  r e d u c t i o n  of  NO^ to NFI^ i n v o lv e s  a ser ies  o f  l i n ked
re a c t i on s  ( F i g .  6 . 1 )  f ro m  wh ich  t h e r e  are no b ra n c h  p o in t s  and no
s i tes  f ro m  w h ich  N loss f rom  the  p l a n t  can o c c u r .  T h e r e f o r e ,  any
is o top ic  f r a c t i o n a t i o n  d u r i n g  NO^ r e d u c t i o n  is u n l i k e l y  to be
15e x p re s s e d  as a d i f f e r e n c e  in N c o n c e n t r a t i o n  between the  p la n t  and 
th e  NC>2 su p p l ie d  in the  medium.
In g r o w in g  p la n t s ,  i so top ic  f r a c t i o n a t i o n  b y  NR could  r e s u l t  in
res idua l  NO^ , in the  immediate v i c i n i t y  o f  NR, h a v in g  a h i g h e r
15in s tan tan e ou s  N c o n c e n t r a t i o n  th a n  t h a t  o f  the  reduced  N,  b u t  th i s
wi l l  t en d  to e q u i l i b r a t e  w i t h  t ime because o f  mass ba lance .  Even i f
15t h e  re d u c e d -N  in p la n ts  was dep le ted  in N r e la t i v e  to the  res id ua l  
N O ^ -N  in p la n t s ,  t h i s  e f f e c t  wou ld  r a r e l y  be measured in the  ana lyses  
o f  the  iso top ic  compos i t ion  o f  to ta l  p la n t  N. Al l  p la n t  N ana lyses
c a r r i e d  o u t  in the  e x p e r im e n ts  d e s c r ib e d  in t h i s  thes is  i n v o l v e d  a
sa l i c y l i c  acid m o d i f i ca t ion  o f  the  K je ldah l  d ig es t io n  to e n s u re  t h a t  all
NOg was reduced  to ammonium (see sect ion  3 . 2 . 2 . 1 ) .  When the  
c o nve n t ion a l  K je ldah l  d ig e s t io n  was used ,  abou t  50% of  the  NO ^-N  was 
c o n v e r t e d  to ammonium ( T a b le  3 . 1 ) .
M a r io t t i  e t  alt. (1980) f o u n d  t h a t  t h e  iso top ic  compos i t ion  o f  tota l  
N in a ra nge  o f  p la n t  species was the  same as t h a t  o f  the  NO^ in the  
medium in w h ich  t h e y  were  g r o w n .  S im i l a r l y ,  in po t  e x p e r im e n t  1, 
t h e  iso top ic  compos i t ion  o f  r y e g r a s s  N was the  same as t h a t  o f  N
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m in e ra l i ze d  f rom  th e  soi ls in w h ich  i t  was g ro w n  ( F i g .  4 . 3 ) .  These
f i n d i n g s  s u g g e s t  t h a t  N losses f ro m  th e  p la n ts  were  n e g l ig ib le  and
t h e r e f o r e  a n y  i so top ic  f r a c t i o n a t i o n  t h a t  may have been associated
w i t h  t h e  ass im i la t ion  o f  s u b s t r a t e  N was n o t  exp ressed  as d i f fe re n c e s  
15
in N c o n c e n t r a t i o n  between p la n t  N and s u b s t r a t e  N.
In many h i g h l y - p r o d u c t i v e  p a s tu r e  soi ls in A u s t ra la s ia ,  p la n t  
p r o d u c t i o n  is l im i ted  b y  low soil N a v a i l a b i l i t y  ( B r o u g h a m  et  aL  1978; 
Bal l  1979; Steele and Shannon 1982).  T h i s  is re f le c te d  b y  low levels 
o f  NC>2 -N in p la n t  mater ia l  ( L e d g a r d  and  S au n de rs  1982).  The
l im i t i n g  s tep  in ass im i la t ion  o f  soil N b y  p la n ts  wou ld  the n  be the  
in i t i a l  u p ta k e .  In these  c o n d i t i o n s ,  a ny  abso rb e d  N wou ld  tend  to  be 
ass im i la ted  as r a p i d l y  as i t  is a b s o r b e d ,  t h e r e b y  re d u c in g  the
o b s e r v e d  i so top ic  f r a c t i o n a t i o n .  T h u s ,  u n d e r  f ie ld  c o n d i t i o n s  iso top ic  
f r a c t i o n a t i o n  d u r i n g  ass im i la t ion  o f  soil N may no t  be e x p r e s s e d ,  b u t  
even  i f  i t  is ,  t he  e f f e c t  is u n l i k e l y  to  be re f le c te d  in d i f f e r e n c e s
between  the  i so top ic  compos i t ion  o f  to ta l  p l a n t  N and soil N.
136
CHAPTER 7
EFFECT OF LOW RATES OF NITROGEN ADDITION ON THE 
FIXATION AND TOTAL ACCUMULATION OF NITROGEN
BY LEGUMES
7.1 I n t roduc t ion
15A basic assumption in the  use of the  N isotope dilution method
for  measur ing  N^ fixation by legumes is t h a t  the  application of small 
15amounts  of N-labelled N to the  soil will have no effect  on N^ fixation 
or  the  N accumulated by the  legumes.  Most s tudies  on the  ef fect  of 
added  N on fixation by es tab l ished  legumes have involved much
h ig h e r  r a te s  of N addition than  those  used in N isotope dilution
s tu d ie s  and have  genera l ly  shown a reduction in the  amount of N^ fixed 
( see  section 2 . 4 . 3 . 1 ) .  In pot exper im en ts ,  Vallis et  aL (1967) found
t h a t  0.75 ppm N [about 6 kg N ha 1 applied as KNO^ and (N H ^^S O ^]  
caused  an inc rease  in the  N accumulated by Townsville lucerne  and 
Rhodes  g r a s s  of about  11%, while Haystead and Lowe (1977) found no
- i
effec t  of 2 kg N ha [as (N H ^ ^ S O ^ ]  on the  N accumulated by white 
c lover  and r y e g r a s s .  In both bases ,  the  ef fect  on N^ fixation was not 
ex am in ed .
The  aim of the  p r e s e n t  s tu d y  was to examine the  effects  of low
15levels of N addit ion ,  typical  of those  used in N isotope dilution
s tu d ie s ,  on the  fixation and total accumulation of N by legumes.  This 
involved pre liminary  acety lene  reduction exper iments  with su b te r r a n e a n  
c lover  grown alone in san d ,  a pot exper iment  with s u b te r r a n e a n  clover 
grown with annual ry e g r a s s  in soil and a field exper iment  with
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s u b t e r r a n e a n  c lover  and lucerne  grown in association with e i th e r  annual  
r y e g r a s s  or  pha la r is .
7 .2  Experimental
7 .2 .1  Acetylene reduction exper iments
Assay vesse ls  were c o n s t ru c te d  so t h a t  regu la r  n o n - d e s t r u c t iv e  
ace ty lene  reduc t ion  a ssays  could be car r ied  ou t  (see  section 3 .2 .4  and 
Plate 3 . 1 ) .  They  were filled with washed sand and e ight p rege rm ina ted  
s u b te r r a n e a n  clover  (cv .  Woogenellup) seeds  were p lan ted .  Commercial 
pea t  inoculant  (Nodulated ty p e  C, Agricultura l  L ab ora to r ie s , Se f ton ,  
N .S .W .)  was washed into the  su r face  of the  sand .  Distilled wa ter  and 
a N-free  n u t r i e n t  solution (see  section 5 .2 )  were applied daily .  The  
vesse ls  were  kept in a g lasshouse  with tem p e ra tu res  rang ing  between 
about  12 and 28°C.
After six weeks g row th ,  the  following N t r ea tm en ts  were imposed:
-1
Experiment 1 0, 5 and 10 kg N ha x 7 replicates
2 0, 2 and 4 kg N ha 1 x 7 replicates
3 0 and 1 kg N ha  ^ x 10 rep lica tes .
Sodium n i t r a te  was used as the  source  of N and th is  was applied in 
solution to the  su r face  of the  s and .  To en su re  t h a t  t h e r e  was no 
di fferen tia l  effect  of sodium (N a) ,  NaCI was applied so t h a t  all 
t r e a tm e n ts  received the  same amount of Na. Following the  imposition of 
t r e a tm e n t s ,  the  vesse ls  were placed over  plastic s auce rs  (see  Plate 3 .1 )  
and the  collected leachate was r e tu rn e d  to the  su r face  of the  san d .
Before measuring ace ty lene  reduc t ion ,  the  vesse ls  were allowed to 
d ra in  f ree ly  for 18 hours  with no water  or n u t r i e n t  solution being
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applied .  Acetylene reduction a ssays  were car r ied  out several  days  
pr io r  to imposition of N t r e a tm e n t s ,  and at  2, 5 and 10 days  a f te r  
application of NO^. The time chosen for the  a ssays  was about  midday, 
to obtain near  maximum ra tes  of n i t rogenase  ac t iv i ty .  The ace ty lene  
reduc t ion  method (d e sc r ib ed  in section 3 .3 .4 )  involved analysis of gas 
samples collected at  20 and 80 minutes  a f te r  injection of acetylene and 
p r o p y l e n e .
7 .2 .2  Pot exper iment  3
This  exper iment  was conducted  mainly to a ssess  plant recovery  of 
added and soil N ( fo r  de ta i ls ,  see section 10 .3 .1 )  bu t  it also enabled 
examination of the  ef fect  of low levels of addit ion of NO^ on the  fixation 
and total accumulation of N by s u b te r r a n e a n  clover grown in association 
with annual ry e g r a s s .
T h i r t y - f o u r  days  a f te r  sowing, p lants  were trimmed to 20 mm and
t rea tm en ts  were imposed. These  were ,  a control (no added N) and two
15 -1ra tes  of N-labelled NaNO^ (0.46 and 1.54 mg N pot , equivalent to
_ i
0.3  and 1.0  kg N ha ) .  The N was applied to the  soil su r face  in
-1
solution (10 ml pot ) and washed in with 50 ml disti lled water .  The re  
were 24 rep licates  of each N ra te  and 12 replicates  of the  contro l .  
Tw en ty -one  days  a f te r  tr imming, p lants  (shoots  + roots )  were
h a r v e s t e d ,  s epa ra ted  into clover and g ra s s  components and analysed for
15 15total N and N. Fixation of was determined by na tura l  N
15abundance  for the  control  and N isotope dilution where  NO^ was
a d d e d .
7 .2 .3  Field exper iment
-1
The effect  of addition of 1 kg N ha on the  fixation and total 
accumulation of N by s u b te r r a n e a n  clover and lucerne  grown in
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association with e i the r  annual ry e g r a s s  o r  phalar is  was also s tudied in a 
field exper im ent  ( fo r  de ta i ls ,  see section 9 . 2 . 1 ) .
-1
All plots were trimmed to 20 mm and KNO^ (1 kg N ha , 66 atoms 
% ^ N )  was applied to the  soil su r face  of the  isotope dilution
t rea tm en ts  and washed in with water  equ iva len t  to 2 mm precip ita tion.  
Tw en ty - f ive  days  la te r ,  all plots were h a rv e s te d  (shoots  only)  and 
plant material was sepa ra ted  into legume and g ra s s  components for 
analys is  of total N and ^ N .  Fixation of was determined as for pot 
exper im ent  3.
7.3  Results
7 .3 .1  Acetylene  reduction exper iments
-1
In exper im en t  1, the  application of NaNO^ at  5 kg N ha caused a 
decrease  (31%) in the  ra te  of e thy lene  (C^H^)  p roduct ion  2 days  a f te r  
NO^ applicat ion,  b u t  t h e re  was no s ign if ican t  effect  on days  5 and 10
- ' I
(Table  7 .1 ) .  However,  th e  ef fect  of 10 kg N ha was still ev iden t  on
day 5 (45% de c rea se )  b u t  had d isappea red  by day  10 (Table  7 .1 ) .
-1
T h e re  was no s ignif icant effect  of 2 or 4 kg N ha on 
production in exper iment  2, even on day 2 (Table  7 .1 ) .  The ra tes  of 
P roc*uct ' on were markedly h ighe r  than  in exper iment  1 and the  
e r r o r s  were  co r re spond ing ly  h ighe r .
In exper im ent  3, ra tes  of C2I~U Production  were much lower than  
those  in exper im ent  2, and application of 1 kg N ha caused a small 
(23%) b u t  s ignif icant (P < 0 .01) reduc t ion  in the  ra te  of 
production on day 2; t h e re  was no s ign if ican t  effect  by day 5 (Table  
7 .1 ) .
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T a b le  7 .1 .  E f fe c t  o f  NaNO^ on a c e t y l e n e - d e p e n d e n t  e th y le n e  p r o d u c t i o n  
- 1 - 1(pmoles  h r  vessel  ) b y  s u b t e r r a n e a n  c lo v e r  g ro w n  alone in sand 
in a g la sshouse .  Each va lue  in e x p e r im e n t s  1 and 2 is t h e  mean o f  
seven re p l i ca te s  and in e x p e r im e n t  3, t h e  mean o f  ten  re p l i c a te s .
NaNOg a d d i t i o n  
( k g  N ha ^ )
P r i o r  to N 
a pp l i c a t io n
Days
2
a f t e r  N app l i ca t io n  
5 10
E x p e r im e n t  1 0 5.76 6.44 5.32 8.51
5 5.64 4.43 5.01 8.21
10 5.92 2.10 2.93 7.80
S . E . D . 0.28 0 .29 0.32 0 .64
E x p e r im e n t  2 0 7 .49 8.47 9.29 -
2 7.75 8 .89 9.30 -
4 7.86 9.11 8 .44 -
S . E . D . 0 .43 0.70 0.80
E x p e r im e n t  3 0 4.72 4 .53 5.67 -
1 4.60 3.51 5.16 -
S . E . D . 0 .22 0.23 0.32
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7 . 3 . 2  Pot e x p e r im e n t  3
T h e r e  was no s i g n i f i c a n t  e f f e c t  o f  ra tes  o f  app l i ca t ion  o f  NaNO^
_  i
e q u iv a le n t  to 0 .3  and 1 .0  kg N ha on the  amounts o f  N ass imi lated b y  
c lo v e r  o r  r y e g r a s s  d u r i n g  th e  21 d ay  p e r io d  o f  o b s e rv a t io n  (T a b le  7 . 2 ) .  
A lso ,  t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  in the  P va lues  est imated  f o r  
the  con t ro l  and added NO^ t r e a tm e n ts  ( T a b le  7 . 2 ) .
7 . 3 . 3  Field e x p e r im e n t
T h e r e  was no s i g n i f i c a n t  e f f e c t  o f  KNO^ at  1 kg N ha on the  
ass im i lat ion  o f  N b y  th e  legumes o r  g rasses  d u r i n g  a 25 day  p e r iod  o f  
g r o w t h  in t h e  f i e ld  (T a b le  7 . 3 ) .  S im i l a r l y ,  t h e r e  was no s i g n i f i c a n t  
d i f f e r e n c e  in the  es t ima tes o f  P f o r  l u c e r n e ,  d e te rm ined  b y  the  n a tu ra l  
abundance  (n o  added N) o r  iso tope d i l u t i o n  (+ 1 kg N ha ) me thods ,  
w h e th e r  g ro w n  w i th  r y e g r a s s  o r  p h a la r i s .  H o w e ve r ,  d i f f e r e n t  est imates  
of  P were  ob ta in ed  b y  these  two  methods  f o r  c lo v e r ;  va lues  ob ta ined  
b y  the  n a tu ra l  abu n da n ce  method were  h i g h e r  than  those ob ta ined  w i th  
iso tope d i l u t i o n ,  p a r t i c u l a r l y  when p h a la r i s  was the  associated  g ra s s .
7 .4  D iscuss ion
T h e  ace ty lene  re d u c t i o n  e x p e r im e n ts  revea led  t h a t  the  a d d i t i o n  o f
-1
NaNO^ at  ra tes  as low as 1 kg N ha can p ro d u c e  a t e m p o r a r y  
d im in u t i o n  in n i t ro g e n a s e  a c t i v i t y  o f  s u b t e r r a n e a n  c lo v e r .  T h e y  also 
su g g e s t  t h a t  t h e  d e t r im e n ta l  e f f e c t  o f  N a d d i t i o n  on f i x a t i o n  can be 
i n f lu en c e d  b y  e n v i ro n m e n ta l  c o n d i t i o n s ,  be ing  less w he re  c o n d i t i o n s  
were  fa v o u r a b le  f o r  h ig h  ra tes  o f  f i x a t i o n .  In e x p e r im e n t  2, t h e r e  
was a lo n ge r  d a y l e n g th  and h i g h e r  a v e rag e  te m p e r a tu r e  ( b y  5 ° C )  than  
f o r  e x p e r im e n ts  1 and 3 and t h i s  f a v o u r e d  h i g h e r  ra tes  o f  g r o w t h  and 
n i t ro ge n ase  a c t i v i t y .  B e t h l e n f a l v a y  and P h i l l i p s  (1978) f o u n d  t h a t
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Table 7 .2 .  Effect of NaNO^ on the  n it rogen  accumulated by 
s u b te r r a n e a n  clover and annual r y e g r a s s  and on the  p ropor t ion  
( P) of clover n i t rogen  fixed.  The  p lan ts  were grown to g e th e r  in 
pots in a g la sshouse .  Each value of th e  0 N t rea tm en t  is the  mean 
of 12 rep licates  and of the  0.3  and 1.0 N t r e a tm e n ts ,  the  mean of 
24 rep l ica tes .
N ra te  
(kg  ha 1 )
Clover N 
(mg pot 1)
Grass  N 
(mg pot 1 )
P
(%)
0 20.5 59.6 95.6
0.3 21.3 60.9 91.6
1.0 22.9 60.6 90.8
S. E .D .a 1 1.8 2.3 4.0
b 1.4 2.0 2.1
1a re fe rs  to 0 v s .  0 .3  or 1 .0 ;  b r e fe r s  to 0 .3  \/s. 1.0.
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T ab le  7 .3 .  E f fe c t  o f  the  a d d i t i o n  o f  K NO^ at  1 kg N ha on the  
n i t r o g e n  accumula ted  b y  shoots o f  legume o r  g rasses  and on the  
est imate  o f  t h e  p r o p o r t i o n  ( P )  o f  legume n i t r o g e n  f i x e d  in v a r io u s  
legume,  g ra s s  assoc ia t ions  25 d ays  a f t e r  NO^ a dd i t io n  to  f ie ld  
p lo ts .  Each v a lue  is the  mean o f  s ix  re p l i c a te s .
C lo v e r ,
r y e g r a s s
C lo v e r ,
p ha la r i s
L uc e rn e ,
r y e g ra s s
L u c e rn e ,
p h a la r i s
-2
Legume N (g  m ) :
c o n t ro l 4.58 6.77 2.00 1.81
+ 1  kg N ha ^ 4.26 6.09 1.70 1 .44
S. E .D . 0.61 0.58 0.40 0 .2 2
-2
Grass  N (g  m ) :
c o n t ro l 2.86 1.56 2.96 2 .55
+ 1  kg N ha ^ 2 .92 1.95 2.74 2 .55
S . E . D . 0.38 0.21 0.37 0 .35
P (%):
co n t ro l 85.2 85.7 81.0 63 .9
+ 1  kg N ha ^ 70.4 49.9 88.1 70 .0
S . E . D . 4 .8 7 .4 5 .9 6 .6
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h i g h e r  r a t e s  of p h o t o s y n t h e s i s  in peas  c o u n t e r a c t e d  th e  inhib i t ion  of 
f ixa t ion  by  a d d e d  N and  t h e y  a t t r i b u t e d  th i s  to a s t r o n g e r  s in k  fo r  
f ixed  N^.
T h e  s ig n i f i can ce  of t h e  e f f e c t  of a d d e d  N on t h e  total am oun t  of  
f ixed  may be in f luenced  by  t h e  m e a su re m e n t  p e r io d ;  a t  low r a t e s  of 
add i t ion  of NO^ t h e  d im in ished  n i t r o g e n a s e  a c t iv i t y  was t e m p o r a r y .  
T h u s ,  a l th o u g h  t h e r e  may have  been  an initial d e c r e a s e  in f ixa t ion  
d u e  to a d d e d  NO^ in t h e  po t  and  f ield e x p e r i m e n t s ,  an y  e f f e c t  would 
have  been  small r e l a t iv e  to t h e  remain ing  g ro w th  per iod  when  t h e r e  was 
no su ch  e f f e c t .  In t h e  po t  and  f ield e x p e r i m e n t s ,  g r a s s e s  g ro w in g  in 
assoc ia t ion  with t h e  legumes would compete with t h e  legumes fo r  u p t a k e  
of a d d e d  NO^ , t h e r e b y  r e d u c i n g  f u r t h e r  an y  e f f e c t  of t h e  a d d e d  NO^ 
on f ix a t io n .  Walker e t  a[. (1956) found  t h a t  t h e  ass imilat ion of
a d d e d  N by  white  c love r  was small in t h e  p r e s e n c e  of r y e g r a s s .  
H owever ,  in t h e  po t  and  field e x p e r i m e n t s  r e p o r t e d  h e r e  t h e r e  was  no 
e f fec t  of  a d d e d  NO^ on N accumula t ion  by  e i t h e r  legumes o r  g r a s s e s ,
- ' I
i l l u s t r a t i n g  t h a t  r a t e s  of N app l ica t ion  up  to 1 kg N ha a r e  
s u f f i c i e n t ly  small to have  no s ig n i f i c a n t  e f f ec t  on t h e  ass imilat ion  of  N 
from t h e  soil o r  a tm o s p h e r e .  T h e  f a c t  t h a t  d i f f e r e n t  e s t im a tes  of  fo r  
c love r  w ere  o b ta in ed  in t h e  f ield when n a tu ra l  a b u n d a n c e  and  i so tope  
d i lu t ion m e thods  w ere  u sed  while s imilar  es t im a tes  were  found  in t h e  pot  
e x p e r i m e n t  is t h o u g h t  to be a c o n s e q u e n c e  of t h e  m e thods  an d  is 
d i s c u s s e d  in detai l  in C h a p t e r  9.
-1 15T h e s e  s t u d i e s  showed t h a t  1 kg N ha can be u sed  sa fe ly  in N 
isotope d i lu t ion  e x p e r i m e n t s  w i thou t  a f f ec t in g  f ix a t io n .  C a re  sh o u ld  
be t a k e n  if h i g h e r  r a t e s  t h a n  th i s  a re  to be u s e d ,  p a r t i c u l a r l y  d u r i n g  
pe r io d s  of slow g r o w t h ;  t h e  e f f e c t s  of f ixa t ion  and  to tal  N
accumula t ion  shou ld  be examined f i r s t .
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When a long m e a s u re m e n t  pe r iod  is u s e d ,  it may be n e c e s s a r y  to
15 -1a p p ly  N-label led  com pound a t  more t h a n  1 kg N ha so t h a t  t h e
15p la n t - a v a i l a b le  soil N has  a su f f i c i e n t ly  h igh  N label t h r o u g h o u t  t h e
p e r io d .  H owever ,  in s te ad  of u s in g  one h igh r a t e  of N ad d i t io n ,  seve ra l
ap p l ica t io n s  of N a t  a low r a t e  could be u sed  d u r i n g  t h e  m e a s u re m e n t
per iod  to avoid an y  poss ib le  e f f ec t s  on f ixa t ion  o r  total  N
accumula t ion  ( e . g .  Vallis e t  aL 1967; Goh e t  aL 1978). T h i s  would
15also r e s u l t  in less  va r ia t io n  in N c o n c e n t r a t i o n  of t h e  p la n t - a v a i l a b le  
soil N with time com pared  with u s ing  one la rge  initial app l ica t ion .
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C H APTER  8
SOURCE OF N ITROGEN A S S IM IL A T E D  BY THE 
NO N-LEG UM INO US REFERENCE PLAN T
8.1 I n t r o d u c t i o n  
15With N methods f o r  m e a su r ing  N^ f i x a t i o n  b y  legumes,  a 
n o n - N ^ - f i x i n g  re fe r e n c e  p la n t  is commonly  used to es t ima te  the  
is o top ic  compos i t ion  o f  the  p o r t i o n  o f  N w h ic h  is ass im i lated b y  the  
legume f ro m  the  so i l .  I t  is a p p a r e n t  t h a t  these  methods wi l l  g ive  
i n c o r r e c t  es t imates  o f  N^ f i x a t i o n  i f  t h e  re fe r e n c e  p la n t  has N ^ - f i x i n g  
b ac te r ia  assoc ia ted w i th  i t  o r  i f  f i x e d  N^ is t r a n s f e r r e d  d i r e c t l y  to  the  
r e fe r e n c e  p l a n t  f rom  the  assoc ia ted legume.
In m ixed  le g u m e /g ra s s  p a s t u r e s ,  g ra s s es  are  commonly  used as 
re fe r e n c e  p la n ts  because t h e y  are no t  in fe c te d  b y  N ^ f i x i n g  rh i z o b ia ,  
as may o c c u r  i f  u n in o c u la te d  legumes a re  used as re fe re n c e  p la n t s .  
H o w e v e r ,  g rasses  may p romote  N^ f i x a t i o n  b y  f r e e - l i v i n g  b ac te r ia  
g r o w in g  in t h e i r  r h i z o s p h e r e  b y  e x c r e t i n g  compounds  w h ich  s e rv e  as 
e n e r g y  sources  f o r  t h e  b ac te r ia  ( r e v ie w e d  b y  van  B e rk u m  and Bohlool  
1980).  T h e  N^ f i x e d  b y  these  b ac te r ia  can the n  become a s i g n i f i c a n t  
sou rce  o f  N f o r  the  g ra s s  (D a y  et  aL 1975a; G reen land  1977).
In m ixed  le g u m e /g ra s s  p a s tu r e s ,  N can also be su p p l ie d  d i r e c t l y  
to  t h e  g ra s s  b y  t r a n s f e r  o f  f i x e d  N2 f ro m  the  associated legumes.  
H o w e v e r ,  t h i s  p rocess  is be l ieved  to be r e l a t i v e l y  slow and is no t  
co n s id e re d  to  be im p o r t a n t  in the  s h o r t  t e rm  (see sect ion  2 . 4 . 3 . 5 ) .
T h e  aim o f  t h i s  s t u d y  was to  i n v e s t i g a t e  w h e th e r  these  two 
p rocesses  wou ld  s u p p l y  s u f f i c i e n t  N to  an associated  g ra s s  to
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s i g n i f i c a n t l y  a f f e c t  the  d e te rm in a t io n  o f  f i x a t i o n  b y  legumes when 
15 15t h e  n a tu r a l  N abu n da n ce  o r  N iso tope d i l u t i o n  methods are used .
8 .2  E xpe r im en ta l
8 .2 .1  f i x a t i o n  assoc ia ted w i t h  r y e g r a s s
T w o  v a r i a t i o n s  o f  an ace ty lene  r e d u c t i o n  t e c h n iq u e  (an i_n s i t u  
method  and an iso la ted core  m e thod ;  sec t ion  3 . 3 . 4 )  were  used to 
d e te rm in e  w h e th e r  a ny  n i t r o g e n a s e  a c t i v i t y  was associated  w i th  annual  
r y e g r a s s  g r o w in g  at  the  f i e ld  e x pe r im en ta l  s i te  (sec t ion  3 . 2 . 1 ) .  T h e  
s t u d y  i n v o l v e d  f o u r  r e p l i ca te s  o f  t h r e e  t r e a tm e n ts ;  bare  soil (no  
p la n t s  p r e s e n t ) ,  r y e g r a s s  alone and r y e g r a s s  w i th  s u b te r ra n e a n  
c l o v e r .
Gas samples were  co l lected  30, 100, 160 and 370 m inu tes  a f t e r
i n je c t io n  o f  and C^Hg w i th  t h e  in s i tu  method and a f t e r  25, 85,
145 and 355 m inu tes  f o r  the  iso la ted core  t e c h n iq u e  and ana lysed  f o r
C 0H 0 , C 0H . and C 0Hc ( se c t io n  3 . 3 . 4 ) .  
c. c. c. 4  o b
8 . 2 . 2  T r a n s f e r  o f  n i t r o g e n  f ro m  legumes to  r y e g r a s s  
15T w o  N - l a b e l l i n g  te c h n iq u e s  were  used to de te rm ine  w h e th e r  N 
was t r a n s f e r r e d  d i r e c t l y  f rom  legumes to r y e g r a s s  g r o w in g  t o g e t h e r  in 
po ts  in t h e  g lasshouse  o r  in f i e ld  p lo ts .
8 .2 . 2 .1  ^ N - l a b e l l i n g  o f  legume
A new method f o r  m e a su r ing  t r a n s f e r  o f  N f rom  the  legume to an
associated g ra s s  was deve lo ped  and t e s te d .  With t h i s  me thod ,  legume
p la n ts  we re  label led b y  f o l i a r  a b s o rp t io n  o f  so lu t ions  c o n ta in in g  
15 N - lab e l le d  compounds  at  the  s t a r t  o f  a g r o w t h  p e r io d .  A t  the  end 
o f  t h i s  p e r iod  the  legume and g ra s s  p la n ts  were  h a r v e s te d  and
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15analysed for total N and N. Unlabelled legume and g ra s s  plants
were also used as contro ls .  T h u s ,  th is  method estimates the  t r a n s f e r
to an associa ted  g ra s s  of the  N p re s e n t  in the  legume at  the  s t a r t  of
15a growth  per iod .  The  initial N-labelled legume N may be measured 
on s ep a ra te  p lan ts  or determined by assuming th a t  it is equivalent to 
t h a t  in th e  legume at  the  end of the  growth  period plus t h a t  
t r a n s f e r r e d  to the  g r a s s .  The propor tion  of legume N t r a n s f e r r e d  to 
the  g r a s s  ( T ^ )  is then  calculated from
TL
N ( G  -  G ) g v i  u'
l , ( L  - L  ) +  N ( G  - G  ) 1v Z i r  q v Z it
( 4 1 )
where Ng and are  the  amounts of N assimilated by the  g ra s s  and
15legume re sp ec t iv e ly ,  and are  the  atoms % N of the  labelled
15and unlabelled g r a s s  p lants  and and L are  the  atoms % N of the  
labelled and unlabelled legume p lan ts ,  re spec t ive ly  ( for derivation of 
th is  equat ion see Appendix  1).  The amount of N t r a n s f e r r e d  from 
the  legume to the  g ra s s  is obtained by multiplying T^  by the  amount 
of N assimilated by the  legume (N |) .
158 .2 .2 .1 .1  Foliar absorp t ion  of N
A pre liminary  s tu d y  was made to t e s t  the  feasibil i ty of using the  
15 N-labell ing techn ique  for measuring N t r a n s f e r  from legumes to
associated g r a s s e s .  The ef fect  of d i f f e ren t  methods of labelling the  
15legume on the  N concentra tion  of the  var ious  p lant pa r t s  was
s t u d i e d .
149
S u b te r r a n e a n  c lo v e r  ( c v .  W oogene l lup )  seeds were  sown in to  
tw e lv e  pots  c o n ta in in g  washed  r i v e r  g r a v e l .  T h e  pots were  k e p t  in a 
g la sshouse  and r e g u l a r l y  g iv e n  a p p l i c a t io n s  o f  d i s t i l l e d  w a te r  and  a 
N - f r e e  n u t r i e n t  so lu t ion  (as d e s c r ib e d  in sect ion  5 . 2 ) .  A f t e r  s ix  
weeks g r o w t h ,  t h r e e  re p l i ca tes  o f  the  f o l l o w in g  f o u r  t r e a tm e n ts  we re  
imposed f o r  48 h o u r s :
1) t h r e e  t r i f o l i a t e  leaves w ere  immersed in 30 mM KNO^ 
s o l u t i o n ,
2) t h r e e  pet io les  ( t r i f o l i a t e  leaves re m o v e d )  were  immersed in 
30 mM KNO^ s o lu t i o n ,
3) t h r e e  t r i f o l i a t e  leaves were  immersed  in 15 mM ( N H ^ ^ S O ^  
s o lu t i o n ,  and
4) an u n t r e a te d  c o n t r o l .
15T h e  N so lu t i on s  ( c o n ta in in g  95 atoms % N)  were  con ta in ed  in g lass  
v ia ls  in s ide  small p la s t i c  bags  w i t h  s e l f - s e a l i n g  tops  and the  leaves 
( o r  p e t io le s )  were  p laced in to  these  s o lu t i o n s .  T h e  p la s t i c  bags  were  
sealed a ro u n d  the  pet io les  o f  the  p la n ts  to avo id  con tam in a t ion  and  to 
e ns u re  t h a t  the  leaves ( o r  p e t io le s )  rema ined  immersed in t h e  N 
so lu t i o n .  These  p la s t i c  bags  were  th e n  taped  to the  s ides o f  the  
p o t s .
A f t e r  48 h o u rs  immersion in t h e  N s o lu t i o n ,  the  c lo v e r  p la n ts
were  t r im m ed  to 20 mm above  the  g ra v e l  s u r f a c e .  T h is  e n s u re d  t h a t
t h e re  was no con tam ina t ion  o f  soil o r  re m a in in g  p la n t  mater ia l  b y  the
15leaves o r  pe t io les w h ich  had been immersed in N - labe l led  s o lu t i o n .  
Plants we re  the n  le f t  to  g ro w  f o r  f i v e  d a y s  and h a r v e s t e d .  P lan t  
mater ia l  was sepa ra ted  in to  shoo ts ,  roo ts  and nodu les  and ana lysed  
f o r  tota l  N and .
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8 . 2 . 2 . 1 . 2  T r a n s f e r  o f  N f rom  legumes to g rass  
in pots
T h i s  s t u d y  was c a r r i e d  o u t  in c o n ju n c t io n  w i th  po t  e x p e r im e n t  4,
sec t ion  1 0 .3 .2 ,  and th e  soi ls and expe r im en ta l  p ro c e d u re  are g iven
t h e r e .  S u b te r r a n e a n  c lo v e r  and annua l  r y e g r a s s  seeds were  sown
t o g e t h e r  in s ix  pots  and la te r  t h i n n e d  to t h r e e  and f o u r  p la n ts  per
p o t ,  r e s p e c t i v e l y .  T w e n t y - n i n e  d ays  a f t e r  s o w in g ,  f o u r  t r i f o l i a t e
leaves f rom  each o f  the  t h r e e  c lo v e r  p la n ts  in t h r e e  pots were
immersed in a so lu t ion  o f  15 mM ( N H ^ ^ S O ^ ,  c o n ta in in g  95 atoms % 
15 N, as d e s c r ib e d  above .  T h r e e  d ays  a f t e r  the  in i t ia l  immersion in 
15 N s o lu t i o n ,  t h e  p la n t  mater ia l  was t r im m ed  to 20 mm above the  soil 
s u r fa c e  in all p o ts .  T w e n t y - s e v e n  days  la te r ,  r y e g r a s s  and c lo v e r  
p la n ts  were  h a r v e s t e d ,  sepa ra ted  in to  shoots and roo ts  and ana lysed  
f o r  to ta l  N and  ^ .
158 . 2 . 2 . 1 . 3  T r a n s f e r  o f  N f rom  legume to g rass  
in the  f i e ld
S u b te r r a n e a n  c l o v e r / a n n u a l  r y e g r a s s  and lu c e r n e /a n n u a l  
r y e g r a s s  p lo ts  were  used f o r  t h i s  s t u d y  and e ig h t  m ic rop lo ts  were  
located w i t h i n  each o f  these  ( f o r  de ta i l s  see sect ion  3 . 2 . 1 ) .  Each 
m ic r o p lo t  (150 mm d ia m e te r )  con ta ined  one s u b te r r a n e a n  c lo v e r  p la n t  
and f o u r  r y e g r a s s  p la n ts  o r  two  lu c e rne  p la n ts  and f o u r  r y e g r a s s  
p l a n t s .
T h r e e  t r i f o l i a t e  leaves o f  the  s u b te r r a n e a n  c lo v e r  p la n ts  and one 
stem o f  the  lu c e rn e  p la n ts  w e re  immersed in so lu t ions  o f  15 mM 
( N H ^ ^ S O ^  c o n ta in in g  95 atoms % ^ N .  T h e  v ia ls  o f  so lu t ion  were
located in small p la s t i c  bags and these  were  taped  to  small metal pegs
15
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to  avo id  s p i l la g e .  T h r e e  days  l a te r ,  all p la n t  mater ia l  was t r immed to
1520 mm h e i g h t  and th e  label led shoo ts  and N so lu t ions  were  c a r e fu l l y
rem oved .  A t  t h i s  s tage ,  un labe l led  co n t ro l  m ic rop lo ts  and
s u r r o u n d i n g  p lo ts  were  also t r im m e d .  T h i r t y  s ix  days  la te r ,  each
m ic r o p lo t  was sampled b y  rem ov ing  a soil core  (150 mm d iam ete r ,  150
mm d e e p ) .  Shoots were  t r im m ed  f ro m  the  tops  of  the  co res ,  roo ts
were  washed f r e e  o f  a d h e r in g  so i l ,  and the  shoots and roots  were
sepa ra ted  in to  g ra s s  and c lo v e r  com ponen ts .  Ryeg rass  shoots were
15
also sampled at  d i s tances  o f  150 mm and 300 mm f rom  the  N- labe l led
15
legumes.  A l l  p la n t  mate r ia l  was ana lysed  f o r  to ta l  N and N.
8 . 2 . 2 . 2  la be l l ing  o f  soil
T h e  te c h n iq u e  d e s c r ib e d  b y  Va l l i s  et  aL (1967) was also
used to measure  the  t r a n s f e r  o f  N f rom  s u b te r r a n e a n  c lo v e r  to annual
15
r y e g r a s s  in the  f i e l d .  Potassium n i t r a t e  (66 atoms % N) was app l ied
_  i
at  1 kg N ha to  t h e  soil s u r fa c e  in 700 x 450 mm m ic rop lo ts  located 
w i t h in  p lo ts  o f  r y e g r a s s / c l o v e r  and r y e g r a s s  alone ( f o r  de ta i l s  see 
sect ion 9 . 2 ) .
15
T h e  m ic ro p lo ts  w e re  t r im m ed  to 20 mm h e i g h t  p r i o r  to N
a d d i t i o n  and h a r v e s te d  36 days  la te r .  P lant  mater ia l  was ana lysed  f o r  
15to ta l  N and N and the  p r o p o r t i o n  o f  g rass  N ob ta ined  f rom f i x e d  
b y  the  associated c lo v e r  ( T g ) d u r i n g  the  measurement  pe r iod  was 
es t imated u s in g  the  fo l l o w in g  e x p re s s io n  (V a l l i s  et  al .  1967):
(atoms % - B)
(atoms % - B)
1 (42)
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w h e re  G r e f e r s  to g r a s s  g row n  alone and  GC to g r a s s  g row n  with 
c love r  an d  B to t h e  atoms % N of c love r  g row n with a tm o s p h e r ic  
as its on ly  s o u r c e  of N. T h e  am oun t  of f ixed  t r a n s f e r r e d  from 
t h e  c lo v e r  to t h e  g r a s s  could t h e n  be ob ta ined  by  mul t ip ly ing  T s by 
t h e  am oun t  of  N as s im i la ted  by  th e  g r a s s  d u r i n g  th e  36 d a y  p e r io d .
8 .3  R esu l t s
8 .3 .1  f ixa t ion  associa t ion  with r y e g r a s s
When t h e  isola ted co re  method was u s e d ,  no m e a su ra b le  
p r o d u c t io n  was o b s e r v e d  from t h e  b a r e  soil o r  r y e g r a s s  s i te  d u r i n g  
t h e  f i r s t  85 m inu tes  a f t e r  ^ 2 ^ 2  ' n Je c t 'o n - When longe r  p e r io d s  of 
in cuba t ion  w ere  u s e d ,  small b u t  neg l ig ib le  levels  of C^H^ p r o d u c t io n  
w ere  o b s e r v e d  (T a b le  8 . 1 ) .  E thy lene  p ro d u c t io n  from co res  
co n ta in in g  s u b t e r r a n e a n  c love r  was h ig h ,  a l th o u g h  th e  r a t e s  dec l ined  
p r o g r e s s i v e l y  a f t e r  85 minu tes  (T a b le  8 . 1 ) .
When t h e  i_n s i tu  method  was u s e d ,  c o n s id e r a b ly  h i g h e r  levels  of 
C^H^ w ere  p r o d u c e d  from th e  b a r e  soil and  r y e g r a s s  t r e a t m e n t s  th a n  
were  fo u n d  with t h e  iso la ted  co re  t e c h n i q u e  (T a b le  8 . 1 ) .  T h e r e  was 
no s ig n i f i c a n t  d i f f e r e n c e  in C^H^ p r o d u c t io n  be tw een  t h e s e  two 
t r e a m e n t s .  Data fo r  t h r e e  re p l i c a t e s  of t h e  r y e g r a s s  t r e a t m e n t  were  
similar  to t h a t  fo r  t h e  b a r e  soil t r e a t m e n t .  However ,  one r e p l i ca te  
had  r a t e s  of C^H^ p ro d u c t i o n  up  to six t imes h ig h e r  t h a n  t h e  o t h e r  
r e p l i c a t e s .  T h e r e  was l itt le d i f f e r e n c e  be tween  rep l i ca te  m e a s u re m e n t s  
of t h e  yie ld of shoo ts  and  roo ts  of r y e g r a s s  in each  of t h e  c y l i n d e r s .  
Also,  t h e r e  was no d i f f e r e n c e  in t h e  am ount of dead  roo ts  (a  po tentia l  
s o u rc e  of c a r b o n )  p r e s e n t  in t h e  soil in each c y l in d e r  co n ta in in g  
r y e g r a s s .  High r a t e s  of C.-,H^ P ro d u c t io n  w ere  o b ta in e d  with t h e  in 
s i tu  method w h e re  s u b t e r r a n e a n  c love r  was p r e s e n t ;  t h e y  w ere  l inear
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T a b le  8 .1 .  A c e t y l e n e - d e p e n d e n t  e th y le n e  p r o d u c t i o n  (pmoles  m ) b y  
bare  so i l ,  r y e g r a s s  and r y e g r a s s  + s u b te r r a n e a n  c lo v e r  u s ing  a) 
iso la ted soil co res and b )  an j_n s i tu  me thod .  Each va lue  is the  
mean o f  f o u r  re p l i c a te s .
a)  Isolated cores M in u tes  a fe r in je c t ion
25 85 145 355
Bare  soil - - 0.69 0.57
R yeg rass - - 0.40 0.80
S . E . D . 1 - - 0.20 0.26
R yeg rass  + c lo v e r 68 282 399 672
( S . E . ) (5 1 ) (198) (290) (516)
b )  In s i tu M inu tes  a f t e r in je c t ion
30 100 160 370
Bare  soil 3 .2 5.1 9.1 25.2
R yeg rass
1
S . E . D .
3 .6 13.7 28.7 104.9
0 .3 4 .5 11.0 38.8
R yeg rass  + c lo v e r 71 253 606 1437
( S . E . ) (35 ) (8 9 ) (282) (525)
Soil t e m p e r a t u r e  at  
10 mm d e p th  ( ° C )
14 17 18 16
1
S . E . D .  f o r  compar ison between bare soil and r y e g r a s s  o n l y
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with time th r o u g h o u t  the  measurement period and were similar to the  
initial ra te s  in the  isolated core a ssays  (Table  8 .1 ) .  T he re  was a 
large varia tion in the  ra tes  of production from replicates of
s u b te r r a n e a n  c lover ,  a l though the  var ia tion was less than th a t  
obta ined  with the  isolated core method (Table  8 .1 ) .
8 .3 .2  T r a n s f e r  of n it rogen  from legumes to ry e g ra s s  
8 .3 .2 .1  Foliar absorp t ion  of
Immersion of e i the r  the  tr i fol ia te  leaves or petioles of
15s u b te r r a n e a n  clover in N-enr iched  solutions was an effective method
15of en r ich ing  all p lan t p a r t s  with N (Table  8 .2 ) .  The shoots were
always more highly  labelled than  the  roots or nodules wha tever
method or  compound was used to label the  plant (Table  8 .2 ) .  When
( N H ^ ^ S O ^  was used as the  N source ,  the  shoots  and nodules had a
15s ignif icantly  h ighe r  N enr ichment  than when KNO^ was used (Table
8 . 2 ) .
158 . 3 . 2 . 2  T r a n s f e r  of N from legume to g ra s s  in pots 
15The  N-labell ing t rea tm en t  had no s ignif icant ef fect  on N
accumulation by s u b te r r a n e a n  clover or r y e g r a s s  (Table  8 .3 ) .  T he re
15was a l a rge r  e r r o r  associated with the  N concentra tion  of clover 
compared with r y e g r a s s  (Table  8 .3 )  and th is  reflects  the  variabi l i ty
1 5  1 5
in N concen tra t ion  of the  N-enr iched  clover due to the  labelling
15t rea tm en t .  The N concen tra t ion  of r y e g r a s s  shoots was
15signif icantly  h ighe r  in the  N-labelled t rea tm en t  than  in the  control
t r ea tm en t .  This  re su l t  s u g g e s t s  th a t ,  on a whole p lan t basis ,  2.2% of
the c lover N was t r a n s f e r r e d  to the  r y e g ra s s  d u r ing  the  29 days  
15a f te r  N-labelling of the  c lover .
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Table 8 .2 .  Effect of form of added nit rogen and site of
15absorp t ion  on N concentra t ion  in the  shoots ,  roots and nodules
of s u b te r r a n e a n  clover ,  
r e p l i c a t e s .
Each value is the mean of th ree
Form of Plant p a r t  used Atoms %
added N 15for N absorption shoots roots nodules
NO' petiole 1.2511 0.8698 0.5014
NO' leaf 1.2978 0.8667 0.4610
n h +4 leaf 2.5023 0.8775 0.5751
Control (no added N) 0.3666 0.3668 0.3665
S .E .D . 0.0328 0.0223 0.0231
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158 . 3 . 2 . 3  T r a n s f e r  o f  N f rom  legume to g rass  in 
the  f ie ld
15As in t h e  po t  e x p e r im e n t ,  the  N c o n c e n t r a t io n s  o f  the  shoots
and roo ts  o f  c lo v e r  and lu ce rne  were  s i g n i f i c a n t l y  g r e a t e r  in the  
15
N - labe l led  t r e a tm e n t  tha n  in the  co n t ro l  t r e a tm e n t  (T a b le  8 . 4 ) .
H o w e v e r ,  t h e  la be l l ing  o f  t h e  c lo v e r  had no s i g n i f i c a n t  e f f e c t  on the  
15
N c o n c e n t r a t i o n  o f  the  r y e g r a s s  ( T a b le  8 . 4 ) ,  i n d i c a t i n g  t h a t  t h e r e  
was no t r a n s f e r  o f  N f rom  e i t h e r  legume to t h e  associated  r y e g r a s s  
p la n ts  d u r i n g  the  36 d a y  p e r io d .
8 . 3 . 3  la be l l ing  o f  soil
15
T he  N c o n c e n t r a t i o n  in r y e g r a s s  g ro w n  alone was no t
s i g n i f i c a n t l y  d i f f e r e n t  f rom  t h a t  in r y e g r a s s  g ro w n  in assoc ia t ion  w i th
s u b te r r a n e a n  c lo v e r  ( T a b le  8 . 5 ) ,  i n d i c a t i n g  t h a t  t h e r e  was no
de tec tab le  t r a n s f e r  o f  N f ro m  c lo v e r  to  r y e g r a s s .  T he  tota l  N y ie ld
o f  r y e g r a s s  was c o n s i d e r a b l y  h i g h e r  when i t  was g ro w n  alone than
when g ro w n  w i t h  s u b te r r a n e a n  c lo v e r  b u t  the  to ta l  p la n t  r e c o v e r y  of  
15added N was s im i la r  f o r  the  two  t re a tm e n ts  (T a b le  8 . 5 ) .
8 .4  D iscuss io n
8 .4 .1  N2 f i x a t i o n  associated w i th  r y e g r a s s  
15 15When the  n a tu ra l  N a bundance  o r  N iso tope d i l u t i o n  methods  are
used to es t imate  N2 f i x a t i o n  b y  legumes,  i t  is assumed t h a t  t h e r e  is
no f i x a t i o n  assoc ia ted w i t h  the  re fe re n c e  p la n t .  I f  t h i s  o c c u r r e d ,  
15t h e  N c o n c e n t r a t i o n  o f  the  N ass im i lated f rom  the  soil b y  the  legume 
wi l l  be u n d e re s t im a te d  and t h e r e f o r e  P wi l l  be u n d e re s t im a te d .  T h e  
e x te n t  to w h ic h  P is u n d e re s t im a te d  depends  also on the  va lue  o f  P, 
be ing  g r e a t e r  at  low P va lues  ( F i g .  8 . 1 ) .
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T a b l e  8 . 5 .  E f f e c t  o f  s u b t e r r a n e a n  c l o v e r  on t h e  y i e l d  and  i s o t o p i c
15
c o m p o s i t i o n  o f  n i t r o g e n  in r y e g r a s s  s h o o t s  36 d a y s  a f t e r  N 
a p p l i c a t i o n .  Each v a l u e  is t h e  mean o f  s i x  r e p l i c a t e s .
A to m s  % 
in  r y e g r a s s
N y i e l d
(g m 2 )
15 1N e x c e s s  y i e l d
( m g  m 2 )
R y e g r a s s  a lone 0 .6 5 8 3.81 11.11
M i x t u r e :  r y e g r a s s 0 .7 8 4 1 .5 3 6 .4 0
: c l o v e r 4 . 0 9 4 .8 6
S . E . D . 0 .0 6 8
1
C a l c u l a t e d  as g N
-2  15m x  ( a to m s  % N - 0 . 3 6 6 )  x 10.
160
Actual P ( % )
F ig u re  8 . 1 .  Effec t  of t h e  level ( in %) of f ixa t ion  a s soc ia ted  with
t h e  r e f e r e n c e  p la n t  on t h e  es t imat ion  of t h e  p ro p o r t i o n  ( £ )
of legume n i t r o g e n  f ix e d .  T h i s  re l a t io n s h ip  is i n d e p e n d e n t  
15of t h e  N c o n c e n t r a t i o n  of th e  r e f e r e n c e  p la n t .  T h e  
b r o k e n  line ind ica te s  w h e re  e s t im a ted  P = ac tual  P.
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Two t e c h n iq u e s  were  used to examine f i x a t i o n  associated  w i th  
r y e g r a s s  in t h e  f i e ld  s tud ie s  on legume N^ f i x a t i o n .  T h e r e  was a 
m arked  d i f f e r e n c e  in the  C ^ H ^ - d e p e n d e n t  C,~,H^ p r o d u c t i o n  between 
th e  j_n s i tu  and soil core t e c h n iq u e s  f o r  bare  soil and r y e g r a s s  
t r e a tm e n ts ,  b u t  no t  f o r  the  s u b te r r a n e a n  c lo v e r  t r e a tm e n t .  T h i s  may 
be due to the  f r e e - l i v i n g  N ^ - f i x i n g  b ac te r ia  be ing  exposed to h i g h e r  
o x y g e n  c o n c e n t r a t i o n s  in t h e  soil core  te c h n iq u e  due  to soil 
d i s t u r b a n c e  and th e  r e l a t i v e l y  small vo lume o f  each co re .  I n h ib i t i o n  
o f  f i x a t i o n  o c c u rs  at  h ig h  o x y g e n  c o n c e n t r a t i o n s  ( v a n  B e r k u m  and 
Bohlool  1980) and N ^ - f i x i n g  b ac te r ia  in the  ba re  soil and r y e g r a s s  
t re a tm e n ts  are  l i k e l y  to have had poor  o x y g e n  p r o te c t i o n  mechanisms 
( N e y r a  and D o b e re in e r  1977).  T h i s  c o n t r a s t s  w i t h  the  wel l  deve loped  
o x y g e n  p ro te c t io n  mechanism o f  N ^ - f i x i n g  bac te r ia  enclosed in c lo v e r  
roo t  nodu les ,  w h ich  is u n l i k e l y  to be a f fec ted  by  soil d i s r u p t i o n  
(R obson  and Pos tgate  1980).  T h u s  the  j_n s i tu  t e c h n iq u e  p r o b a b l y  
g ive s  a more re a l i s t i c  measurement  o f  f i x a t i o n  b y  f r e e - l i v i n g
bac te r ia  in the  f i e l d .
Rates o f  C ^H ^  p r o d u c t i o n  in bare  soil and r y e g r a s s  t re a tm e n ts
u s ing  the  i_n s i tu  t e c h n iq u e  were  low. I f  t he  conve n t ion a l  C ^H ^ :
ra t io  o f  3:1 ( H a r d y  e t  aL  1973) is u sed ,  t h e y  e x t r a p o la te  to 0 .3 1 -0 .8 5  
-1 -1g N f i x e d  ha h o u r  . T h i s  is s im i la r  to va lu es  re p o r te d  f o r  o t h e r
tem pe ra te  g rasses  ( S te y n  and De lw iche  1970; Nelson et  aL 1976;
Thompson  et  aL  1984).  H ow eve r ,  in t h i s  s t u d y  t h e r e  was no
d i f f e r e n c e  between the  bare  soil and r y e g r a s s  t re a tm e n ts .  N i t ro g e n
f i x e d  b y  f r e e - l i v i n g  b ac te r ia  t h a t  are no t  d i r e c t l y  associated  w i th
r y e g r a s s  wi l l  e v e n t u a l l y  e n t e r  the  in o r g a n ic  N pool in the  soil and
become e q u a l l y  ava i lab le  f o r  u p ta k e  b y  bo th  g ra s s  and c lo v e r .  T h u s ,
15a l th o u g h  t h i s  m ig h t  tend  to reduce  the  N c o n c e n t r a t io n  o f  the
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p la n t - a v a i l a b l e  soil N i t  wou ld  n o t  a f f e c t  the  est imate o f  P by  c lo ve r
15 15w i t h  t h e  n a tu ra l  N a bundance  o r  N iso tope d i l u t i o n  methods.
F u r t h e r m o r e ,  C^FI^ p r o d u c t i o n  f rom  the  bare  soil and r y e g ra s s  
t r e a tm e n ts  was minimal  (< 8%) compared  w i th  t h a t  f rom the
s u b t e r r a n e a n  c lo v e r  t r e a tm e n t  and even i f  all o f  the  p roduced
f ro m  th e  r y e g r a s s  t r e a tm e n t  was associated w i t h  r y e g r a s s  i t  wou ld  
have  had a n e g l i g ib le  e f f e c t  on the  es t ima te  o f  P b y  these  methods.
8 . 4 . 2  N i t r o g e n  t r a n s f e r  f rom  legumes to r y e g r a s s
In th e  m easurement  o f  f i x a t i o n  b y  legumes us ing  the  n a tu ra l  
15 15
N a bu n da n ce  o r  N iso tope d i l u t i o n  m ethods ,  t r a n s f e r  of  f i x e d
f ro m  th e  legume to the  re fe r e n c e  p la n t  wou ld  also r e s u l t  in an
15u n d e re s t im a te  o f  the  N c o n c e n t r a t i o n  o f  the  soil N assimi la ted b y
th e  legume. T h i s  wou ld  r e s u l t  in £  be ing  u n d e re s t im a te d .  T h e
e x t e n t  to w h ich  £  is u n d e re s t im a te d  inc reases  1) as the  amount  o f  N 
t r a n s f e r  in c reases ,  2)  as the  amount  o f  f i x e d  b y  the  legume
inc reases  r e la t i v e  to the  amount  o f  N in the  g r a s s ,  and 3) as P_ 
a pp roaches  50-70% ( F i g .  8 . 2 ) .  T h u s ,  when P_ nea rs  0 o r  100%,
t r a n s f e r  o f  f i x e d  f rom  th e  legume to the  g ra s s  wi l l  have l i t t l e
e f f e c t  on th e  es t ima te  o f  P.
A new t e c h n iq u e  f o r  es t im a t ing  the  ' u n d e r g r o u n d '  t r a n s f e r  o f  N
15f rom  a legume to an associated  re fe r e n c e  p la n t  u s in g  N - la b e l l i n g  o f
the  legume was exam ined .  These  s tud ie s  showed t h a t  a r e l a t i v e l y
15s h o r t  p e r iod  o f  immersion o f  a few legume leaves o r  pet io les  in N
15e n r i c h e d  s o lu t ion  was s u f f i c i e n t  to g i v e  a s i g n i f i c a n t  N e n r i c h m e n t
in nodu le s  and roo ts  as wel l  as the  shoo ts .  T h i s  t e c h n iq u e  is more
15d i r e c t  t h a n  t h a t  o f  the  soil N - l a b e l l i n g  te c h n iq u e  o f  Va l l is  et  aL
15
(1967) in t h a t  i t  measures t r a n s f e r  o f  legume N to the  re fe re n c e
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Figure  8 .2 .  Effect of t r a n s f e r  of f ixed (as  % of to ta l)  from legume 
to r e fe rence  p lant  on the  estimate of the  propor tion  ( P )  of 
legume n i t rogen  fixed . This  re la tionship  depends  on the  
level of t r a n s f e r  and the  n i t rogen  yield of the  legume 
re la tive  to the  r e fe rence  p lant  ( re f . ) : O ■■ 1 O 20% t r a n s f e r ,
legume N = re f .  N; A---- ▲ 40% t r a n s f e r ,  legume N = re f .  N
and 20% t r a n s f e r ,  legume N = 2 x ref.  N; +■■ + 40%
t r a n s f e r  legume N = re f .  N. The broken line indicates  
where  estimated P = actual P.
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p la n t .  However ,  c a r e  m u s t  be t a k e n  in u s ing  th i s  t e c h n i q u e  to avoid
contamina tion  of soil and  p la n t  ma te r ia l .  In u s ing  th i s  t e c h n i q u e  it is
a s sum ed  t h a t  t h e  N a b s o r b e d  by  t h e  legume labels all N c om pounds
s u b je c t  to N t r a n s f e r .  It is also a s sum ed  t h a t ,  w h e re  equa t ion  41 is
u s e d ,  t h e  am oun t  of N-labe lled  legume N remain ing  in t h e  soil a t
t h e  end  of t h e  m e a su re m e n t  pe r iod  ( e . g .  t h a t  immobilized by  soil
m ic roo rgan ism s)  is neg l ig ib le .  If t h i s  amount is s ig n i f i c a n t ,  t h e
denom ina to r  of  e q u a t io n  41 will be u n d e r e s t i m a t e d  and  t h e r e f o r e  N
t r a n s f e r  will be o v e r e s t i m a t e d .  T h i s  could be overcome by  a n a l y s i n g
s e p a r a t e  N-label led  legume p la n t s  a t  t h e  s t a r t  of th e  g ro w th  p e r io d
15and u s ing  t h e s e  to e s t im ate  t h e  am oun t  of N- label led legume N ( s e e  
sec t ion  8 . 2 . 2 . 1 ) .
15The  legume N-label l ing  t e c h n i q u e  m e a s u re s  th e  t r a n s f e r  to an 
a s soc ia ted  g r a s s ,  of t h e  total legume N p r e s e n t  a t  t h e  time of 
labell ing .  In c o n t r a s t ,  t h e  soil N- label l ing  t e c h n i q u e  m e a s u re s  t h e  
t r a n s f e r  to t h e  g r a s s ,  of N^ f ixed  by  t h e  legume d u r i n g  t h e
m e asu re m en t  p e r io d .  T h e r e  a r e  two a s s u m p t io n s  i n h e r e n t  in t h e  soil
15 1 5 . . *N-labe ll ing  t e c h n i q u e :  1) t h e  am oun t  of N ass imi la ted  is t h e  same
for  t h e  g r a s s  alone and  g r a s s / c l o v e r  t r e a t m e n t s ,  and  2) t h e  level of
p la n t - a v a i l a b le  soil N is t h e  same in t h e  g r a s s  alone and  g r a s s / c l o v e r
p lo t s .  In a p p ly in g  th i s  t e c h n i q u e  in t h e  f ie ld ,  Vallis e t  aL (1977)
15found  it to be inva lid b e c a u s e  t h e  N ass imi la ted  by  th e  g r a s s  +
c lover  e x ce ed ed  t h a t  of t h e  g r a s s  when  g row n  alone.  T h e y  s u g g e s t e d
t h a t  t h e  in c re a s e d  u p t a k e  of N in t h e  g r a s s / c l o v e r  p lo ts  may h a v e
15been  du e  to less immobil izat ion of t h e  a d d e d  N b e c a u s e  of t h e
h ig h e r  N c o n t e n t  of t h e  p la n t  r e s i d u e s ,  in t h e  soil in t h e s e  p lo t s .
15H ays tead  and Lowe (1977) u s e d  t h e  soil N- label l ing  t e c h n i q u e  to 
es t imate  t r a n s f e r  of f ixed  N^ from white  c love r  to r y e g r a s s  in t h e
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f i e ld  and t h e i r  data also showed t h a t  t h e  g rass  alone and g ra s s  +
c lo v e r  d i f f e r e d  in t h e i r  amounts  o f  N ass im i la ted .  One wou ld  also
e x p e c t  t h a t  w h e re  th e  g ra s s  a lone and g r a s s / c l o v e r  t r e a tm e n ts  have
been e s ta b l i sh e d  f o r  a long p e r iod  o f  t ime b e fo re  assess ing  N
t r a n s f e r ,  t h e  level o f  p la n t - a v a i l a b le  soil N wou ld  be h i g h e r  in the
g r a s s / c l o v e r  t r e a tm e n t  due  to  the  g ra d u a l  inc rease  in soil N f ro m  the
dea th  and decay  o f  legume roo ts  and nodu les  (H a ys te ad  and M a r r i o t t
1978).  T h i s  cou ld  also in v a l id a te  es t imates  o f  N t r a n s f e r  b y  t h e  soil 
15 N - l a b e l l i n g  t e c h n iq u e .
15When th e  soil N - l a b e l l i n g  te c h n iq u e  was used in the  f ie ld
15e x p e r im e n t  r e p o r te d  he re  ( T a b le  8 . 5 ) ,  the  amount  o f  N ass im i lated
b y  th e  g ra s s  alone and g r a s s / c l o v e r  t re a tm e n ts  was s im i la r .  T h e r e
was also no s i g n i f i c a n t  t r a n s f e r  o f  f i x e d  f rom c lo v e r  to r y e g r a s s
d u r i n g  the  36 d ay  measurement  p e r io d .  S im i l a r l y ,  w i t h  the  legume 
15 N - l a b e l l i n g  t e c h n iq u e ,  t h e r e  was no de tec tab le  t r a n s f e r  of  
15 N - lab e l le d  legume N to  associated r y e g r a s s  p la n ts .  H ow eve r ,  in the
po t  e x p e r im e n t  t h e r e  was a small amount  o f  N t r a n s f e r r e d  f rom  the
c lo v e r  to  r y e g r a s s  ( 2 .2 .% ) .  T h i s  may have been due  to a g r e a t e r
p la n t  d e n s i t y  and a la rge  amoun t  o f  roo ts  r e s t r i c t e d  to a r e l a t i v e l y
small vo lume o f  soil in t h e  p o ts .  T h u s ,  t r im m in g  the  p lan ts  a t  the
s t a r t  o f  the  measurement  p e r iod  may have  induced  a g r e a t e r  s t r e s s  on
the  c l o v e r  r e s u l t i n g  in a g r e a t e r  t r a n s f e r  o f  N than  in the  f i e l d .
A lso ,  the  g r e a t e r  d e n s i t y  of  g ra s s  roo ts  in the  pots may have
in c reased  the  a b i l i t y  to a bs o rb  N re leased f rom  the  legume roo ts .
15In th e  f i e ld  s t u d y ,  the  amoun t  o f  N abso rbed  b y  the  leaves of
15t he  legume f rom  th e  N - labe l led  so lu t ion  was less th a n  in t h e  po t  
s t u d y  and t h e r e f o r e  N t r a n s f e r  wou ld  be more d i f f i c u l t  to d e te c t .  
N e v e r th e le s s ,  i t  can be ca lc u la ted  ( f r o m  T ab le  8 .4 )  t h a t  a t r a n s f e r  of
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legume N to t h e  associated r y e g r a s s  o f ,  f o r  example ,  10% wou ld  have  
15
i n c reased  th e  N c o n c e n t r a t i o n  o f  r y e g r a s s  (shoo ts  and ro o ts )  to
0.3736 and 0.3760 atoms % N f o r  the  c lo v e r  and luce rne  t r e a tm e n ts ,
r e s p e c t i v e l y , and these  wou ld  be s i g n i f i c a n t l y  h i g h e r  than  the
c o n c e n t r a t i o n s  o f  r y e g r a s s  in the  c o n t r o l .  Even a 2.2% t r a n s f e r
wou ld  have r e s u l t e d  in r y e g r a s s  c o n ta in in g  0.3691 and 0.3700 atoms % 
15
N, r e s p e c t i v e l y ,  and t h i s  wou ld  also have been de tec tab le  in t h e  
s h o o t s .
T h e  lack  o f  s i g n i f i c a n t  t r a n s f e r  o f  N f rom  the  legumes to
r y e g r a s s  in t h e  f i e ld  and o f  f i x a t i o n  associated  w i th  r y e g r a s s
(s e c t io n  8 . 3 . 1 )  i l l u s t r a t e  t h a t  in the  f ie ld  e x p e r im e n t  on f i x a t i o n
b y  legumes ( C h a p t e r  9)  t h e  o n l y  source  o f  N be ing  ass im i lated b y
15r y e g r a s s  was in d ig e n o u s  soil N o r  added N - labe l led  N.
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C HAPTER 9
E S T IM A T IO N  OF N2 F IX A T IO N  IN FOUR LEGUME/GRASS 
A S S O C IA T IO N S  IN THE FIELD
9.1 I n t r o d u c t i o n
15In e s t im a t ing  N2 f i x a t i o n  b y  legumes u s in g  N methods i t  is
nece ssa ry  to  have an a c c u ra te  measure  o f  the  iso top ic  compos i t ion  o f
the  p o r t i o n  o f  N d e r i v e d  f rom  the  soil b y  a nodu la ted  legume. T h is  
is commonly assessed b y  u s in g  a n o n - N 2~ f i x in g  re fe ren c e  p la n t
g r o w in g  in the  same soil w i t h  o r  nea r  to the  legume.
15
In N iso tope d i l u t i o n  s tud ie s  on e s ta b l i s h e d ,  mixed
15l e g u m e /g ra s s  p a s t u r e s ,  the  N - labe l led  N cann o t  be in c o rp o ra te d  in to  
the  soil w i t h o u t  unacce p ta b le  soil d i s t u r b a n c e  and t h e r e f o r e  i t  m us t  be 
app l ied  to the  soil s u r f a c e .  In such  a s t u d y  i t  is c o ns ide red
im p o r t a n t  to  match th e  legume and re fe re n c e  p la n t  in t h e i r  p a t t e r n s  o f  
N u p ta k e  w i t h  soil d e p th  ( P h i l l i p s  and B e n n e t t  1978; Edmeades and 
Goh 1979).  T h e  e x t e n t  to w h ich  th e  u p ta k e  p a t t e r n s  may a f f e c t  the  
est imate o f  P has no t  been exam ined .
In e s ta b l i s h e d ,  mixed le g u m e /g ra s s  p a s t u r e s ,  r e fe ren c e  p lan ts  
canno t  be i n t r o d u c e d  w i t h o u t  d i s t u r b i n g  the  ecosystem and t h e r e f o r e  
i t  is n ec e s s a ry  to use th e  i n d ig e n o u s  n o n - N 2 ~ f i x in g  species as
re fe re n c e  p la n t s .  T h i s  may mean choos in g  between severa l  g ra s s  o r  
weed spec ies .  T h e r e  have been no p u b l i s h e d  s tud ie s  on the  e f f e c t  of  
u s ing  d i f f e r e n t  i n d ig e n o u s  re fe re n c e  p lan ts  on the  est imate o f  N2 
f i x a t i o n  b y  p a s tu r e  legumes.
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15 15In t h e  p r e s e n t  s t u d y ,  the  n a tu ra l  N abundance  and N
iso tope d i l u t i o n  methods  were  used to  es t ima te  f i x a t i o n  in f o u r
le g u m e /g ra s s  assoc ia t io ns .  P as tu re  spec ies w h ich  are known to v a r y
in t h e i r  d e p th s  o f  roo t  p e n e t r a t i o n  in the  soil and wh ich  are  o f  major
im p o r ta nce  in A u s t ra la s ia n  a g r i c u l t u r e  we re  chosen.  T h e  e f f e c t  o f
15d i f f e r e n c e s  in the  t im in g  and method o f  N a d d i t i o n  on the  es t ima t ion  
o f  f i x a t i o n  was also s tu d ie d  u s in g  one o f  these  assoc ia t ions .  T w o  
g rasses  and two  weeds were  used as r e fe r e n c e  p la n ts .
9 .2  E xpe r im en ta l
S u b te r r a n e a n  c lo v e r  o r  l u ce rne  w ere  g ro w n  in assoc ia t ion  w i t h  
e i t h e r  annua l  r y e g r a s s  o r  p h a la r i s  ( d e ta i l s  on p la n t  e s ta b l i s h m e n t  are  
g iv e n  in sec t ion  3 . 2 . 1 ) .
On 23 S ep tem be r  1982 ( d a y  0 ) ,  all p lo ts  were  t r im med to 20 mm
15h e i g h t .  W i th in  each p lo t  a N t r e a t m e n t  s u b p lo t ,  700 x 450 mm, was
made b y  i n s e r t i n g  a g a l van ized  s h e e t - i r o n  f rame in to  the  soil to a
d e p th  o f  100 mm and e x te n d i n g  20 mm above  the  soil s u r fa c e  (P la te
9 . 1 ) .  Nine o f  these  s u b p lo t s  were  e s ta b l i sh e d  w i t h i n  each o f  t h e
r y e g r a s s / c l o v e r  p lo t s ;  all o t h e r  p lo ts  had one s u b p lo t .
15A so lu t ion  o f  KNO^ (66 atoms % N)  d r i e d  on to s i l ica  sand was 
app l ied  to  t h e  s u b p lo t s  a t  1 kg N ha and washed in w i t h  630 ml 
w a te r  ( e q u i v a l e n t  to 2 mm p r e c i p i t a t i o n ) ,  e x c e p t  w h e re  i n d ic a te d  
o th e rw is e .  For  the  t re a tm e n ts  in the  r y e g r a s s / c l o v e r  s u b p lo t s  t h e r e  
were  severa l  s u b t r e a tm e n ts .
151 ) .  T h e  e f f e c t  o f  method o f  N a pp l i c a t io n  on the  es t ima t ion  o f  
f i x a t i o n  was examined  w i t h :
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Pla te  9 .1 .  A s u b t e r r a n e a n  c l o v e r / p h a l a r i s  microp lo t  showing  th e  p l a n t
s p e c ie s  composit ion  an d  g a l v a n i s e d  sh e e t -m e ta l  f rame u s e d
15to in h ib i t  la tera l  m ovement  of NO^.
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(a )  One app l i ca t io n  at  d ay  0,
( b )  One a p p l i ca t io n  at  d ay  0 w i th  10 mm w a t e r ,  and
( c )  Four  app l i c a t io ns  o f  0 .25  kg N ha a t  n ine  d ay  i n t e r v a l s .
15H a rv e s ts  were  made on ( a )  and ( b )  10, 25 and 36 days  a f t e r  N 
a pp l i c a t io n  w i th  sepa ra te  p lo ts  be ing  used f o r  each h a r v e s t ;  ( c )  was 
h a r v e s te d  on d ay  36 o n l y .
152 ) .  T he  e f f e c t  o f  t ime o f  N a p p l i c a t io n  on th e  es t imat ion  of  N 0
f i x a t i o n  in r y e g r a s s / c l o v e r  s u b p lo t s  was examined  b y :
15( d )  A p p l y i n g  N on d a y  10 and h a r v e s t i n g  p lan ts  on d ay  25, 
and
15(e )  A p p l y i n g  N on d ay  25 and h a r v e s t i n g  p lan ts  on day  36.
15H a rve s ts  o f  u n t r e a te d  c o n t ro l  ( n a tu r a l  N a b u n d a n c e )  p lo ts  of
r y e g r a s s / c l o v e r  were  also made on days  0, 10, 25 and 36, u s ing
sepa ra te  p lo ts  f o r  each h a r v e s t .
The  f o u r  le g u m e /g ra s s  assoc ia t ions  we re  used to examine the  
e f f e c t  o f  the  n on - le g um e  r e fe r e n c e  p la n t  on the  es t imat ion  o f
f i x a t i o n .  H a rv e s ts  w e re  made on days  0 and 25 f o r  the  c o n t ro l
15 15
( n a t u r a l  N a b u n d a n c e )  t re a tm e n ts  and d ay  25 f o r  the  N e n r i c h e d
t r e a tm e n ts .  A d d i t i o n a l l y ,  f rom  w i t h i n  two  rep l i ca tes  o f  t h e
15 N - e n r i c h e d  s u b p lo t s  o f  r y e g r a s s / l u c e r n e  and p h a l a r i s / l u c e r n e ,  p la n t
samples o f  v o lu n t e e r  s u b te r r a n e a n  c l o v e r ,  s u c k l i n g  c l o v e r ,  s o r re l
( Rumex acetosel la L . )  and ch ickw e ed  [ S te l la r ia  media ( L . )  Vi 11. ] were
also co l lected  and ana lysed  f o r  c o m p a ra t i v e  p u r p o s e s .
Rep l ica tes of  all t r e a tm e n ts  were  h a r v e s te d  b y  c u t t i n g  an area
200x400 mm to g r o u n d  leve l .  For  each r e p l i c a te ,  the  h e rb a g e  was
th e n  mixed and a subsamp le  taken  f o r  bo tan ica l  and chemical  a n a ly s is .
Samples c o n ta in in g  roo ts  were  co l lec ted  as fo l lows f ro m  th e  
15 15c o n t ro l  ( n a tu r a l  N a b u n d a n c e )  and N e n r i c h e d  t r e a tm e n t  (1a
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above )  o f  the  r y e g r a s s / c l o v e r  assoc ia t io n .  A metal c o r e r  (150 mm
d ia m e te r )  was used to co l lec t  two samples o f  p la n t  and soil to a d ep th
o f  150 mm f rom  each re p l i c a te  o f  each t r e a tm e n t .  P lant  shoots were
c u t  o f f  at  g r o u n d  level and sepa ra ted  in to  g rass  and c lo v e r
com ponen ts .  Roots we re  re.moved f rom  the  soil b y  s ie v in g  and
wash ing  and sepa ra ted  in to  g ra s s  and c lo v e r .  Al l  p la n t  mater ia l  was
15ana lysed  f o r  to ta l  N and N.
Soil samples (0 - 5 0 ,  50-100,  100-150,  150-200 and 200-300 mm
d e p t h )  were  co l lec ted  at  t h e  end o f  the  e x pe r im en ta l  p e r iod  f rom  the  
r y e g r a s s / c l o v e r  t r e a tm e n ts  and the  is o top ic  compos i t ion  o f  the  
in o r g a n ic  and to ta l  N d e te rm in e d .
9 .3  Resu l ts
9 .3 .1  Compos i t i on  and n i t r o g e n  y ie ld s  o f  the  le g um e -g ra ss  
assoc ia t ions
C lo v e r  made up a l a r g e r  p r o p o r t i o n  o f  t h e  to ta l  d r y  m a t te r  y ie ld
when associated  w i th  p h a la r i s  tha n  w i t h  r y e g r a s s .  These  p r o p o r t i o n s
f o r  c lo v e r  were  h i g h e r  tha n  those  f o r  l u c e rne  i r r e s p e c t i v e  o f  the
associated  g ra s s  spec ies ( T a b le  9 . 1 ) .  S im i l a r l y ,  N ass im i la t ion  b y
c lo v e r  was c o n s i d e r a b l y  h i g h e r  (P < 0 .0 1 )  t h a n  t h a t  f o r  lu c e rn e
(T a b le  9 . 1 ) .  T h e  assoc ia ted g ra s s  had no s i g n i f i c a n t  e f f e c t  on N
15ass im i lat ion  b y  e i t h e r  legume. T h e  a d d i t i o n  o f  N - labe l led  KNO^ at  1 
-1
kg N ha had no s i g n i f i c a n t  e f f e c t  on the  N accumula ted  b y  the
legumes o r  t h e i r  assoc ia ted  g rasses  (T a b le  5 . 3 ) .  Also  t h e r e  was no 
s i g n i f i c a n t  e f f e c t  o f  t h e  level o f  w a te r  a p p l i ca t io n  o r  samp l ing  method 
on the  amount  of  N in t h e  shoots  o f  c lo v e r  o r  r y e g r a s s  ( T a b le  9 . 2 ) .  
When g ro w n  t o g e t h e r ,  t h e  N ass im i la t ion  ra te  f o r  c lo v e r  was g r e a t e r  
than  t h a t  f o r  r y e g r a s s  ( F i g .  9 . 1 ) .
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T ab le  9 .1 .  D r y  m a t te r  (D M )  and n i t r o g e n  y ie ld
le g u m e /g ra s s  assoc ia t ions  d u r i n g  25 days  o f  
d e fo l ia t io n .  Each va lue  is the  mean of  tw e lve
f rom  q u a d r a t  data  and s ix  f rom  core  d a ta ) .
o f  shoots f o r  
r e g r o w th  a f t e r  
rep l i ca tes  ( s i x
Legume Reference Legume DM Legume N Grass N
p la n t (% of  t o t a l ) (g m 2 ) (g m 2 )
L uce rne R ye g rass 24.1 1.00 1.59
Pha la r i s 30.9 0.80 0.96
C lo v e r R yeg rass 52.6 2.41 1.17
Pha la r i s 73.1 2.61 0.78
S . E . D . 4.1 0.38 0.26
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Days after defoliation
1 5F ig u re  9 .1 .  To ta l  n i t r o g e n  («— ) and N excess ca lcu la ted  as
g N m ^ x (a toms % samp |e “ 0 .3663)  x 10] in
s u b te r r a n e a n  c lo v e r  ( O )  and annua l  r y e g r a s s  ( • )  shoo ts .  
B a rs  in d ic a te  ± 1 S .E .
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9 - 3 .2  E f fec ts  o f  samp l ing  p r o c e d u r e  on es t imat ion  o f  P
15T h e  n a tu ra l  a bundance  o f  N in c lo v e r  roo ts  was s i g n i f i c a n t l y
h i g h e r  tha n  t h a t  in t h e  shoots  at  all h a r v e s t s ,  b u t  t h e r e  was no
s i g n i f i c a n t  d i f f e r e n c e  between shoo ts  and roo ts  o f  r y e g r a s s  at  any
15 15h a r v e s t  (T a b le  9 . 3 ) .  In the  N e n r i c h e d  s u b p lo t s ,  the  N
c o n c e n t r a t io n  in the  shoots  o f  r y e g r a s s  was s i g n i f i c a n t l y  h i g h e r  tha n
t h a t  in the  roo ts  when summed o v e r  all h a r v e s t s ,  b u t  t h e r e  was no
s i g n i f i c a n t  d i f f e r e n c e  between t h e  shoots and roo ts  o f  c lo v e r  o r
r y e g r a s s  a t  a ny  one h a r v e s t  (T a b le  9 . 3 ) .  In sp i te  o f  these
d i f f e r e n c e s ,  t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  in t h e  P va lu es
de te rm ine d  w i t h  data f o r  whole  p la n ts  o r  shoots a lone ,  u s ing  n a tu ra l
a bundance  ( T a b le  9 .4 a )  o r  iso tope d i l u t i o n  (T a b le  9 . 4 b ) .
T h e  est imates  o f  p la n t  N y ie ld  and P_ were  no t  a f fec ted  b y  the
sampl ing  method (c o re  v s .  q u a d r a t ) .  H ow eve r ,  the  e r r o r s  associated
w i th  p la n t  N y ie ld s  f rom  th e  q u a d r a t  data  were  lower t ha n  those f rom
the  core  data ( b y  a bo u t  40%). A s im i la r  t r e n d  o c c u r r e d  w i th  t h e
e r r o r s  associated  w i t h  £  va lu es  when e i t h e r  n a tu ra l  abundance  (T a b le  
15
9 .4 a )  o r  N iso tope d i l u t i o n  ( T a b le  9 . 4 b )  data were  used .
9 . 3 . 3  E f fec t  o f  ca lcu la t ion  method on the  es t ima te  o f  P
A l t h o u g h  y i e l d - d e p e n d e n t  es t imates  o f  P (e q u a t io n  34, C h a p te r
3) were  a lways h i g h e r  tha n  es t ima tes u s in g  the  conve n t ion a l  method o f
ca lcu la t ion  (e q u a t io n  32, C h a p te r  3 ) ,  the  d i f f e r e n c e s  were  no t
s i g n i f i c a n t  (T a b le  9 . 5 ) .  E r r o r s  assoc ia ted w i t h  P_ were  h i g h e r  when
y ie l d - d e p e n d e n t  ca lcu la t ions  were  used due  to the  inc lus ion  o f  data  on
N y ie ld s  and t h e i r  associated e r r o r s .  A v e r y  la rge  e r r o r  was
associated w i th  the  y i e l d - d e p e n d e n t  es t ima te  o f  P d u r i n g  the  25-36
15d a y  p e r i o d ,  when t h e r e  was o n l y  a v e r y  small in c rease  in N u p ta k e  
b y  p la n ts  ( T a b le  9 . 6 ) .
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Table 9 .3 .  Isotopic composition of total n i t rogen  in roots and shoots
of s u b te r r a n e a n  clover  and annual r y e g r a s s  from control  (na tu ra l
15a b u n d an c e )  and N enr iched  plots.  Values for each h a rv e s t  
da te  are  means of six replicates .
Natural abundance enr iched
J 5 . .  6 N
Clover
(%„)1
Ryegrass
atoms
Clover
% 15n
Ryegrass
Day 10:
Shoots 2.00 4.71 0.5077 0.8133
Roots 3.49 5.42 0.4462 0.5978
S . E . D. 0.32 0.36 0.0318 0.1359
Day 25:
Shoots 1.81 4.57 0.5042 0.8529
Roots 2.89 5.13 0.5042 0.7206
S . E . D. 0.40 0.42 0.0379 0.0787
Day 36:
Shoots 1.50 4.48 0.4850 0.7823
Roots 2.98 4.43 0.4448 0.5881
S . E . D. 0.42 0.38 0.0200 0.1134
Mean:
Shoots 1.77 4.59 0.4990 0.8162
Roots 3.12 4.99 0.4651 0.6355
S . E . D. 0.22 0.24 0.0196 0.0731
With re sp ec t  to a tmospheric  N0 .
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Table 9 .4 .  Y ie ld -dependen t  estimates of the  proportion (P )  of clover
15ni t rogen  fixed (equa tion  34, C h ap te r  3) using a) natura l  N 
15abundance  or b) N isotope dilution as influenced by method of 
h a r v e s t .  The re fe rence  p lant  was annual r y e g r a s s .  Each value 
is the  mean of six replicates  and values  in p a re n th ese s  are  
s ta n d a rd  e r r o r s .  S u b sc r ip t s  s and w indicate va lues  calculated 
from shoots-on ly  and whole p lan ts  da ta ,  re spec t ive ly .
Measurement
period
(d a y s )
Q uadra t
P—s 
(%)
Core
P—s 
(%)
P—w 
(%)
P -P —w —s
(%)
a) Natural abundance :
0-10 92.2 (11 .9) 79.6 (15 .7) 70.3 (17 .3) -9 .3  (23 .3)
0-25 103.5 (11 .3) 85.7 (12 .0) 76.4 (14 .0) -9 .3  (18 .4)
0-36 87.9 ( 8 .4) 87.5 (11 .8) 85.5 (12 .3) -2 .0  (17 .0)
b)  isotope dilution:
0-10 72.3 (10 .4) 78.9 (11 .8) 74.1 (13 .3) -4 .8  (17 .6)
0-25 78.8 ( 6 .0) 77.7 ( 9 .6 ) 78.6 (11 .5) 0.9 (14 .8)
8 0 . 3 ( 7 . 0 )  7 9 . 3 ( 7 . 1 )  7 2 . 9 ( 9 . 1 )  - 6 . 4 ( 1 1 . 4 )0-36
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T ab le  9 .6 .  Y ie l d - d e p e n d e n t  es t imates  o f  the  pe rcen tag e  of  c lo ve r
n i t r o g e n  f i x e d  (e q u a t io n  34, C h a p te r  3) as i n f lu en c e d  b y  t ime of  
15a pp l ica t io n  o f  K NO^.  T h e  re fe r e n c e  p la n t  was annua l  r y e g ra s s  
and data  are f ro m  q u a d r a t s .  Each va lue  is the  mean o f  s ix  
re p l i ca te s  and va lu es  in p a ren the se s  are s ta n d a r d  e r r o r s .
Measurement  Time o f  N app l i ca t ion
p e r iod  ( d a y s )  d a y  0 d ay  10 day  25
0-10 72.3  ( 1 0 .4 )
10-25 81.9  ( 1 0 .4 ) 85.4  ( 6 . 9 )
25-36 84.1 ( 4 7 .0 ) 85.2  ( 1 1 .1 )
180
T h e  es t imates  o f  were  s im i la r ,  w h e th e r  ca lcu la ted  f ro m  the  
15
atoms % N o f  c lo v e r  and r y e g r a s s  f rom  the  i n d i v i d u a l  p lo ts  o r  b y
15u s in g  the  mean va lu es  f o r  t h e  atoms % N o v e r  all p lo ts  to o b ta in  a 
mean P _ va lu e  ( T a b le  9 . 7 ) .  S im i l a r l y ,  t h e r e  was l i t t l e  d i f f e r e n c e  in 
t h e  e r r o r s  assoc ia ted w i t h  between these  two  methods o f  ca lc u la t io n  
( T a b le  9 . 7 ) .
159 . 3 . 4  E f fec t  o f  t im in g  and method o f  N a pp l i ca t io n  on 
es t imat ion  o f  P
15T he  iso top ic  compos i t ion  o f  p la n t  N changed  w i th  t ime a f t e r  N
a p p l i c a t i o n ,  re a c h in g  a maximum on day  25 ( F i g .  9 .2 a ) .  T h e r e  was
15no s i g n i f i c a n t  in c rease  in N u p ta k e  a f t e r  d a y  25 ( F i g .  9 . 1 ) .  T h i s
15c o n t r a s t s  w i t h  the  t r e a tm e n t  in w h ich  N was no t  app l ied  u n t i l  day
1525, when all u p ta k e  o f  N o c c u r r e d  d u r i n g  the  25-36 day  p e r io d .
15H o w e v e r ,  d esp i te  these  d i f f e r e n c e s  in t ime o f  N a d d i t i o n  and 
15
p a t t e r n  o f  N u p ta k e  d u r i n g  g r o w t h  t h e r e  was no s i g n i f i c a n t  e f f e c t  
on the  es t imate  o f  P at  d ay  36 ( T a b le  9 . 8 ) .
15A p p l i c a t i o n  at  r e g u la r  i n t e r v a l s  o f  sma l le r  amounts  o f  N d u r i n g  
th e  measurement  p e r iod  re s u l t e d  in no s i g n i f i c a n t  d i f f e r e n c e  in the  
i so top ic  compos i t ion  (T a b le  9 . 9 )  o f  c lo v e r  o r  r y e g r a s s  a t  day  36, n o r  
in the  es t imate  o f  P (T a b le  9 . 8 ) ,  compared  w i t h  t h a t  f o r  one in i t ia l  
l a r g e r  a p p l i c a t i o n .
15T h e  a pp l i c a t io n  o f  the  N w i t h  10 mm o f  w a te r  r e s u l t e d  in a
h i g h e r  es t imate  o f  IP tha n  w i th  2 mm (T a b le  9 . 8 ) .  H o w e ve r ,  t h i s
d i f f e r e n c e  d im in ish e d  w i th  t ime.  T h i s  e f f e c t  was assoc ia ted w i t h  the
15
r y e g r a s s  be ing  more (P < 0 .0 1 )  e n r i c h e d  in N at  d ay  10 in the  10 
mm tha n  in the  2 mm w a te r  t r e a t m e n t .  T h i s  d i f f e r e n c e  was less at  
d a y  25 and had d isa pp e a re d  b y  d ay  36. T h e r e  was no s i g n i f i c a n t
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Tab le  9 .7 .  E f fec t  o f  method of  ca lcu la t ion  on the  est imates  of  the
p r o p o r t i o n  ( P) o f  c lo v e r  n i t r o g e n  f i x e d  us ing  th e  conven t iona l
e qua t ions  (31 and 32, C h a p t e r  3 ) .  Est imates were  ob ta ined  by
c a lc u la t in g  P f o r  each in d i v i d u a l  p lo t  o r  f rom the  mean va lues  f o r  
15t he  atoms % N o f  c lo v e r  and r y e g r a s s  n i t r o g e n .  Data are f rom 
q u a d r a t s  and each va lu e  is the  mean o f  s ix  re p l i c a te s .
Measurement I n d i v i d u a l  p lo ts Mean data
p e r iod  ( d a y s ) P (%)  S . E . p P (%) S . E . p
N a tu ra l  a b u n da n c e :
0-10 73.1 5 .4 72.3 7 .4
0-25 85.4  3 .2 85.2 4.1
0-36 69 .8  6 .7 71 .5 5.7
15 N e n r i c h e d :
0-10 ( 2 m m )1 61.1 7 .7 64.4 6 .2
0-10 (10 m m / 79.9  2 .5 80.6 2 .5
0-25 ( 2 mm) 67.6  7 .2 70.4 4.9
0-25 (10 mm) 81.6  3 .0 82.6 3 .0
0-36 ( 2 mm) 68.4  5 .5 71.6 1 0 . 8
0-36 (10 mm) 72.9  3 .4 75.9 5.2
0-36 ( 4 N ) 3 70.6  4 .9 72.9 6 .9
1 -11 kg N ha app l ied  on
2 -11 kg N ha app l ied  on
3 0 .25  kg N ha 1 app l ied
d ay  0 w i t h  2 mm H^O. 
d ay  0 w i t h  10 mm H^O. 
on days  0, 9, 18 and 27 w i th  2 mm
6
C\J
X
15Figure  9.2.  Atoms % N in s ub t e r r a n ea n  clover  ( O )  and annual
15r y e g ra s s  ( • )  shoots  from a) N enr i ched and b) 
15natural  N abundance  plots.  Bars  indicate ± 1  S .E .
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Table 9 .8 .  Estimates of the  pe rcen tag e  of clover  n it rogen  fixed using
conventional calculations (equa t ions  31 and 32, Chap te r  3) as
15influenced by method of application of K NO^. The re fe rence  
p lant was r y e g r a s s  and data are  from q u a d r a t s .  Each value is 
the  mean of six rep lica tes .
Measurement Natural 15 N isotope dilution
period (d a y s ) abundance 2mm^ 10mm2
3
4N
4
S .E .D .
0-10 72.3 64.4 80.6 3.8
0-25 85.2 70.4 82.6 3.3
0-36 71.5 71.6 75.9 72.9 6.4
S .E .D . 7.8 6.2 3.7
-1
1 Kg N ha applied on day 0 with 2 mm F^O.
-1
1 kg N ha applied on day 0 with 10 mm H^O.
0.25 kg N ha 1 applied on days  0, 9, 18 and 27 with 2 mm H^O.
15For comparison between N isotope dilution t rea tm en ts  only.
184
c
cd
O)
o
L_
4-J
to
E
o
4-J
03
03
- C
+->
o
z
c
o
4->
03
U
Q.
a
03
TJ
O
H
4->
0)
E
4—
o
■Mu
03
4 -
4 -
LU
_Q3
A
03
h
c
03
03
E
03
A
4-J
03
□
03>
A
U
03
03
TJ
C
03
to
4-J
03
S_
TJ
03
□
cr
E
o
s_
4 -
03
S_
03
03
+-»
03
Q
to
to
03
i_
O)
03
>
U
C
03
03
c
03
S_
i_
03
+->
JD
D
to
to
03
4-J
03
U
Q.
03
s_
C\J lO LO
0) LO CM LO CM> 00 CO o CMo r^ LO o
u o o o o
CD
00
f A o r^ 00 CDU1 f n CO 03UJm 00 CD CD'Us_ 00 O
O o o o O
s_ CD o LO03 CD o r"-> \— o i CMo ID LD o
c
o U O O o
T3 LO
03 00
Z
lO LO CM
*— to1 00 CM *—V J r-- 00 i 03£_
03
(T3u 00 \— o
4-J 0 o T— o
TO
to
>
03
Q c. CD o03 o \—> o x— i CMo LO LD O
U o O O
o
(/) CD CD CO(D OJ CO oV/m CD O i 001 us_ \— o
0 o o
T— CM
E E Q
E E 00z tu
CM o •r- CO
r^ >
03
_Q3
-Q
03
h
to
03
4-J
o
c
4-Jo
o
4 -
03
03
CO
185
15d i f f e r e n c e  in N c o n c e n t r a t io n  o f  c lo v e r  be tween the  2 and  10 mm
15 . .t r e a tm e n ts  a t  all h a r v e s t s  (T a b le  9 . 9 ) .  A n a ly s is  o f  N in in o r g a n ic
15and to ta l  soil N revea led  t h a t  the  added N rema ined  w i t h i n  t h e  0-50 
mm d e p th  w h e re  2 mm w a te r  was app l ied  b u t  p en e t r a te d  in to  the  
50-100 mm la ye r  a f t e r  a 10 mm a pp l i c a t io n  (T a b le  9 . 1 0 ) .  T he
c o n c e n t r a t i o n s  o f  i n o r g a n ic  N decreased  w i th  soil d e p t h ,  be ing  2 .37 ,  
1 .81 ,  0 .9 5 ,  0 .63 and 0 .44  pg N g 1 o v e n - d r y  soil f o r  t h e  0 -50,
50-100,  100-150,  150-200 and 200-300 mm d e p th s  r e s p e c t i v e l y .
9 .3 . 5  E f fec t  o f  re fe re n c e  p la n t  on es t ima t ion  o f  P 
15With the  N iso tope d i l u t i o n  m e thod ,  es t ima tes o f  £  f o r  bo th
legumes were  h i g h e r  (P < 0 .0 5 )  when t h e y  w ere  g ro w n  w i t h  r y e g r a s s  
tha n  w i th  p h a la r i s  ( T a b le  9 .1 1 ) .  T h i s  was l a r g e l y  due to a h i g h e r  (P
< 0 .0 5 )  N c o n c e n t r a t i o n  in r y e g r a s s  th a n  in p ha la r i s  ( T a b le  9 .1 1 ) .  
Est imates o f  £  w i th  the  N iso tope d i l u t i o n  method were  also lower  (P
< 0 .0 5 )  f o r  c lo v e r  t ha n  f o r  l u c e rn e ,  i r r e s p e c t i v e  o f  the  assoc ia ted 
g ra s s .  T h e  N c o n c e n t r a t io n  o f  c lo v e r  was h i g h e r  (P < 0 .0 5 )  when 
g ro w n  w i t h  p h a la r i s  tha n  w i th  r y e g r a s s  and t h i s  r e s u l t e d  in the  
es t imate  o f  £  f o r  c lo v e r  g ro w n  w i t h  p h a la r i s  be ing  much lower  than  
f o r  the  o th e r  le g u m e /g ra s s  assoc ia t ions .
15
S im i l a r  est imates  o f  £  f o r  l u ce rne  were  ob ta ined  w i t h  t h e  N
15iso tope d i l u t i o n  and n a tu ra l  N a bu n da n ce  m e thods .  H o w e v e r ,  £
15va lu es  f o r  c lo v e r  were  lower w i th  the  N iso tope d i l u t i o n  method  than
w i t h  t h e  n a tu ra l  abun da n ce  m e thod ,  p a r t i c u l a r l y  when g r o w n  w i th
p ha la r i s  ( T a b le  9 . 1 1 ) .  In the  c l o v e r / p h a l a r i s  assoc ia t io n ,  t h e  low £
15va lue  o b ta in ed  w i t h  the  N iso tope d i l u t i o n  method was n o t  due  to
15d i f f e r e n t i a l  t r a n s lo c a t i o n  o f  N between th e  shoots and roo ts  of
e i t h e r  p la n t  because es t ima tes o f  £  we re  s im i la r  w h e th e r  who le  p la n t  
(£  = 43.5%) o r  s h o o t s - o n l y  (£  = 45.1%) data  was used .
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T h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  in the  n a tu ra l  a bundance  o f  
15
N in g ra s s  N f o r  all l e g u m e /g ra s s  assoc ia t ions  ( T a b le  9 .1 1 ) .
15A l t h o u g h  th e  e r r o r s  in e s t im a t ing  the  N c o n c e n t r a t io n  o f  p la n t
15 15mater ia l  a t  n a tu ra l  N a bundance  were  low, the  d i f f e r e n c e s  in N
c o n c e n t r a t i o n  between g ra s s  and legume were  small and t h e r e f o r e  the
e r r o r s  in es t im a t ing  P were  h i g h e r  w i th  the  n a tu ra l  a bundance  method 
15than  the  N iso tope d i l u t i o n  method .
D i f f e r e n t  es t imates  o f  f o r  l u ce rne  were  ob ta ined  when the
weeds ,  s o r re l  and c h ic k w e e d ,  were  used as re fe re n c e  p la n ts  ins tead
of  r y e g r a s s  o r  p h a la r i s  wh ich  were  g r o w in g  in the  same p lo t  (T a b le
159 .1 2 ) .  T h i s  was due  to the  N c o n c e n t r a t i o n  in the  weeds g r e a t l y
15exceed ing  t h a t  o f  the  g ra sses .  T h e  e r r o r s  associated w i t h  these  N 
c o n c e n t r a t i o n s  were  s im i la r  f o r  the  d i f f e r e n t  r e fe r e n c e  p la n t s ,  whereas  
the  e r r o r s  associated w i th  P_ inc reased  m a r k e d ly  as the  P va lues  
decreased (T a b le  9 .1 2 ) .
9 .4  D iscuss ion
9 .4 .1  E f fec t  o f  sampl ing  p ro c e d u r e  on es t ima t ion  o f  P
I t  is c o n s id e r a b l y  eas ie r  to o b ta in  samples o f  p la n t  shoots than
of  shoots + roo ts  due  to the  d i f f i c u l t y  in o b ta in in g  r e p r e s e n t a t i v e  roo t
samples f r e e  f rom  so i l .  T h u s ,  i t  wou ld  be s im p le r  to est imate  P f rom
data f o r  p la n t  shoots t ha n  f o r  who le  p la n ts .  H o w e ve r ,  the  est imate o f
P u s in g  shoo t  data  may be d i f f e r e n t  f rom  t h a t  u s in g  who le  p la n t  data 
15i f  t he  N c o n c e n t r a t i o n s  o f  the  shoots and whole  p lan ts  are
d i f f e r e n t .  In a h y p o th e t i c a l  example  ( F i g .  9 . 3 ) ,  i t  is shown t h a t  the
g r e a te s t  e r r o r  in es t im a t ing  P^ f rom shoo ts -a lone  o c c u r r e d  when 1) the  
15 N c o n c e n t r a t i o n  o f  the  legume is u n d e re s t im a te d  b y  a n a ly s in g  the
15shoots o n l y  and the  N c o n c e n t r a t i o n  o f  the  re fe re n c e  p la n t  is
15
o v e res t im a te d  b y  u s in g  data  f o r  shoo ts  a lone ,  o r  when 2) the  N
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15T ab le  9 .12 .  Effect  of r e f e r e n c e  p la n t  on es t imat ion ,  by  N iso tope
di lu t ion  ( e q u a t io n  32, C h a p t e r  3 ) ,  of th e  p ro p o r t i o n  ( P) of
n i t r o g e n  f ixed  by  lu c e r n e ,  s u b t e r r a n e a n  c lover  and  suck l ing
15c lover  g row n  t o g e t h e r .  Each atoms % N va lue  is t h e  mean of 
two r e p l i c a t e s .
Major spec ie s  
sown in plot
R e fe re nce
p la n t
Atoms % in
r e f e r e n c e  p la n t p 1(%)
S .E .  
of P
L u c e rn e ,  r y e g r a s s R y e g r a s s 0.7282 82.8 4 .6
Sorre l 2.1706 96.8 0 .6
Chickweed 6.5144 98 .5 0 .4
L u c e rn e ,  p h a l a r i s Pha la r i s 0.6309 74.5 5 .6
Sorre l 1.6651 94.1 0 .7
Values  a r e  t h e  means  fo r  t h e  t h r e e  legumes (which  w ere  no t  
s ig n i f i c a n t ly  d i f f e r e n t  with in  each  co m p a r i s o n ) .
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P estimated from data for whole plants
F ig u re  9 .3 .  E f fe c t  o f  a na lys is  o f  shoots o r  whole  p la n ts  on the
es t ima t ion  o f  the  p r o p o r t i o n  ( £ )  o f  legume n i t r o g e n  f i x e d
w i t h  v a r io u s  com b ina t ions  f o r  legume ( L )  and re fe re n c e
15p la n t  ( R ) .  In t h i s  example ,  a va lu e  f o r  the  N
c o n c e n t r a t i o n  o f  the  who le  re fe r e n c e  p la n t  o f  5%0 was used .  
S u b s c r i p t  n u m b e r  1 in d ica te s  a 6 N o f  the  shoots o f  20% 
h i g h e r  tha n  t h a t  o f  the  whole  p la n ts  whereas  2 is 20%
lower .
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concen tra t ion  of the  legume is overestimated and th a t  for the
re fe rence  plant is underes t im ated  by using data  for shoots  only.
Where t h e re  is a similar d i f ference  in N concentra t ion  between the
shoots  and whole p lants  for both the  legume and re fe rence  p lan t ,  use
of da ta  for shoots  alone will have little effect  on the  estimate of P.
The  la t te r  re su l t  was observed  in the  field exper iment  where  the
na tura l  abundance  of N in the  shoots  of both the  legume and
re fe rence  p lant was genera l ly  less than  th a t  for the  whole p lan ts  and
th e re  was little ef fect  on the  estimate of P. In pot exper iment  3
15(C h a p te r  10),  the  N concentra tion  in the  shoots of r y e g r a s s  was 
g r e a t e r  than  th a t  in the  whole p lants  at  na tura l  abundance  and 
following N enr ichm ent ,  whereas  t h e re  was no dif ference  between 
the  shoots and whole clover p lan ts .  In t h a t  case also, th e re  was no 
ef fect  on the  estimate of P.
15The effect  of d i f fe rences  in N concentra tion  between shoots
and whole p lants  on the  estimate of P decreases  as P inc reases  (Fig .
9 .3 ) .  T h u s ,  at  the  high P values  obta ined in the  field exper iment
15and in pot exper iment  3, even quite  large d i f ferences  in N 
concentra t ion  between the  shoots  and whole p lants  would have  had 
little ef fect  on the  estimate of P. The field and pot measurements  
i l lus t ra te  t h a t  a suff ic iently  accu ra te  estimate of P may be obta ined 
from analys is  of the  sh o o t s - a lo n e . However,  the  roots contain about 
20% of the  total legume N ( e . g .  Table  9 .2 )  and th is  should be 
measured if an accu ra te  estimate of the  total amount of f ixed is to
be o b ta in e d .
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9 . 4 . 2  Effect  of ca lcu la t ion  method  on th e  es t imate  of P
In e s t a b l i s h e d  l e g u m e / g r a s s  p a s t u r e s  t h e r e  is always some p lan t  
N p r e s e n t  a t  t h e  s t a r t  of a per iod  of m e a su re m e n t  of f ixat ion and 
it ha s  been  s u g g e s t e d  t h a t  th i s  p la n t  N should  be e xc luded  from the  
e s t im a te  of P by  u s in g  y i e l d - d e p e n d e n t  ca lcu la t ions  ( H a y s te a d  and  
Lowe 1977; B e r g e r s e n  and  T u r n e r  1983).
Examples u s ing  h y p o th e t ica l  d a ta  and  d a ta  from th e  0-10 day
m e a s u r e m e n t  per iod  fo r  t h e  c l o v e r / r y e g r a s s  a s soc ia t ion ,  a re  used  to
i l l u s t r a t e  t h e  f a c t o r s  which  r e s u l t  in th e  initial p la n t  N cau s in g
i n c o r r e c t  e s t im a tes  of P by  t h e  conven t iona l  method of ca lcula t ion
(e q u a t io n  32, C h a p t e r  3 ) .  F ig u re  9 .4  shows t h a t  in c o r r e c t  es t im ates
15of P, u s ing  equ a t io n  32, a r e  ob ta in ed  only  when the  N
c o n c e n t r a t i o n  of N ass imi la ted  from th e  soil d u r i n g  th e  m e asu re m en t  
pe r io d  is a t  o r  n e a r  n a t u ra l  a b u n d a n c e .  T h i s  e f f ec t  d e c r e a s e s  1) as 
t h e  am oun t  of N ass im i la ted  by  t h e  legume and r e f e r e n c e  p la n t  
i n c r e a s e s  and  2) as  t h e  d i f f e r e n c e  be tween  th e  initial P, and  th a t  
p e r t a i n i n g  to t h e  m e a su re m e n t  p e r io d ,  d e c r e a s e s .  However ,  in th i s  
exam ple  (F ig .  9 . 4 )  t h e r e  is no d i f f e r e n c e  be tw een  th e  legume and 
r e f e r e n c e  p la n t  in t h e  initial N and  in t h e  am ount of N ass imi la ted  
d u r i n g  t h e  m e a s u re m e n t  p e r io d .  A major f a c to r  a f f ec t in g  th e  
a c c u r a c y  of th e  conven t iona l  es t imate  of P (F ig .  9 . 5 )  is t h e  rat io  ( r )  
of t h e  am oun ts  of N ass imi la ted  by  th e  legume (L)  and  r e f e r e n c e  p la n t  
( R )  d u r i n g  t h e  m e a su re m e n t  per iod  (N^-N ) re la t ive  to t h e  initial 
p l a n t  N (N ) ,  i . e .
r 'Nr No
' N . - N  1 0
(43)
As r d e v i a te d  from 1, t h e  d i f f e r e n c e  be tw een  th e  conven t iona l  
( e q u a t i o n  32, C h a p t e r  3) and  y i e l d - d e p e n d e n t  ( e q u a t io n  34, C h a p t e r
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Figure 9 .4 .  Effect of p lan t  n i t rogen  p r e s e n t  at  the  s t a r t  of a period
of a ssessm en t  of the  p ropor t ion  ( P) of legume ni t rogen
15fixed as influenced by the  N concen tra t ion  of n it rogen  in 
the  re fe rence  p lant at  the  end of th a t  per iod .  It was 
assumed th a t  the  n i t rogen  assimilated by the  legume and 
re fe rence  p lant were equal and th a t  the  initial P value was 
90% (■" ) or 70% (■■— ), while P du r in g  th e  measurement
period was 50%. Estimates a re  based  on a 10% ( ® )  or 100% 
( 4 )  increase  in p lant n i t rogen  d u r in g  the  measurement  
p e r i o d .
F i g u r e  9 . 5 .  E f f e c t  o f  d i f f e r e n c e s  in t h e  n i t r o g e n  a c c u m u la t e d  
d u r i n g  t h e  m e a s u r e m e n t  p e r i o d  ( N ^ - N q ) r e l a t i v e  to  t h e  
i n i t i a l  n i t r o g e n  ( N q ) ,  b e t w e e n  t h e  l egum e  ( L )  and
r e f e r e n c e  p l a n t  ( R ) ,  on t h e  e s t im a te  o f  t h e  p r o p o r t i o n  
( £ )  o f  le gum e  n i t r o g e n  f i x e d .  Y i e l d - d e p e n d e n t  (■— — ; 
e q u a t i o n  34,  C h a p t e r  3 )  and  c o n v e n t i o n a l  ( — o r  .....  ;
e q u a t i o n 32, C h a p t e r 3) c a l c u l a t i o n s w e r e u s e d on p l a n t
n i t r o g e n d a ta  f r o m t h e 0 -10  d a y p e r i o d o f t h e f i e l d
e x p e r i m e n t , e x c e p t in one  e x a m p le ( ..... • ) w h e r e  an
in c r e a s e in NR o f 13 .8 x  N R q was us ed ( i n al l o t h e r
e x a m p l e s ,  NR^ = 1 .38 x  N R q ) .  T h r e e  P v a l u e s o f  a )
92,  b )  72 and c ) 50% w e r e  u s e d  a n d  t h e a c tu a l v a l u e s
m e a s u r e d  in t h e f i e l d e x p e r i m e n t  u s i n g 15 n i s o to p e
15d i l u t i o n  a re  e n c i r c l e d .  A v a l u e  f o r  t h e  a toms % N o f  
R a t  o f  0 .7 6 2 6  ( c o r r e s p o n d i n g  w i t h  t h a t  o f  t h e  f i e l d
e x p e r i m e n t )  was u s e d  in al l  c a l c u l a t i o n s .
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3) estimates of P inc reased ,  p a r t icu la r ly  when the  actual value of P
approached  50% (Fig .  9 .5 ) .  However,  th is  ef fect  is negligible when
the  amount of N assimilated d u r in g  the  measurement period is large
relative to the  initial p lan t N (F ig .  9 .5 ) .
In the  field exper iment  t h e re  was a 53% increase  in c lover N
d u r ing  the  0-10 day period whereas  ry e g r a s s  N increased  by 38%
d u r ing  th is  period (Fig .  9 . 1 . )  This  r of 1.4 resu l ted  in an
15overest imation of the  P value by 8% when the  conventional N isotope
dilution calculation was used (see  Table 9.5 and Fig. 9 .5 ) .  When 
15natura l  N abundance  data were used  for the  conventional calculation 
of P (equation 31, C hap te r  3 ) ,  the  overest imation was 20% (Table  
9 .5 ) .  However,  the se  d i f fe rences  were within field exper imental
e r r o r .  B e rger sen  and T u r n e r  (1983) also found no s ignif icant 
d i f fe rences  between y ie ld -d e p en d e n t  and conventional estimates  of P^ 
for s u b te r r a n e a n  clover growing with perennial  r y e g r a s s ,  desp i te  
rela tively large d i f fe rences  in the i r  N assimilation ra te s .  However,  in 
the i r  exper im en ts ,  P was genera l ly  > 90% and it can be seen from Fig. 
9.5  t h a t  at th is  level of fixation the  effect  of r on the  accuracy  in 
estimating P by conventional methods is re la tively small.
These  re su l t s  and model calculations  su g g e s t  t h a t  it is p re fe rab le  
to use y ie ld -d e p en d e n t  calculations to estimate P where  s h o r t - t e rm  
measurements  are  made, i . e .  where  the  initial p lant N is a signif icant 
propor tion  of the  p lant N at  the  end of the  measurement  period.  
This applies pa r t icu la r ly  where  £  < 90%. However,  for long-term 
measurements ,  the  conventional calculations (equa t ions  31 and 32, 
C hap te r  3) can p rovide  an accura te  estimate of P_.
There  was little d if fe rence  in the  e r r o r  associated with P when 
estimated from individual plot da ta  or from data  for the  mean atoms %
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N v a lu es .  T h i s  c o n t r a s t s  w i t h  t h e  re s u l t s  o f  B e rg e rs e n  and T u r n e r  
(1983) who f o u n d  t h a t  e r r o r s  were  lower when P was based on 
i n d i v i d u a l  p lo t  es t ima tes .  T h e y  a t t r i b u t e d  t h e i r  re s u l t s  to v a r i a b i l i t y  
in the  i so top ic  compos i t ion  o f  p l a n t - a v a i l a b le  soil N between p lo ts ;  
t h i s  be ing  la r g e l y  overcome b y  es t im a t ing  P_ f o r  each in d i v id u a l  p lo t  
w h e re  g ra s s  and c lo v e r  roo ts  ass im i late  the  same N source .  Be fo re  
d e c id in g  w h ic h  ca lcu la t ion  method to use f o r  es t im a t ing  P f o r  a 
p a r t i c u l a r  s i te ,  i t  may be w o r t h w h i l e  mak ing  such  a compar ison .
159 . 4 . 3  E f fe c t  o f  t im in g  and method o f  N a pp l i ca t ion  on 
es t imat ion  o f  P
15D i f f e re n c e s  in t h e  t im in g  and f r e q u e n c y  o f  N app l i ca t ion
imposed on the  r y e g r a s s / c l o v e r  assoc ia t ion  re s u l ted  in marked
d i f f e r e n c e s  w i t h  t ime in t h e  iso top ic  compos i t ion  of  the  p la n t -a v a i l a b le
soil N. H o w e v e r ,  these  t r e a tm e n ts  had no e f f e c t  on the  est imate of
P. T h is  ind ica tes  t h a t  t h e  p a t t e r n  o f  ass im i lat ion  o f  soil N w i th  t ime
was s im i la r  f o r  c lo v e r  and r y e g r a s s .
-1 15
A p p l i c a t i o n  o f  1 kg N ha as KNO^ (66 atoms % N) p r o v id e d  a 
15s u f f i c i e n t l y  h ig h  N e n r i c h m e n t  in t h e  soil f o r  a bo u t  25 d a y s ;  f o r  
lo n ge r  p e r iod s  o f  measurement  i t  wou ld  be n ecessa ry  to use a g r e a t e r  
e n r i c h m e n t  o f  t h e  added N,  a g r e a t e r  ra te  o f  N app l i ca t io n  o r  to 
make success ive  a p p l i c a t io n s .  In C h a p t e r  7 i t  was shown t h a t  h i g h e r  
ra tes o f  N a p p l i ca t io n  can d ep re ss  f i x a t i o n  b y  the  legume and
t h e r e f o r e  i t  may be p r e fe r a b le  to use success ive  small a d d i t i o n s  o f
- labe l led  N. T h is  wou ld  also s e rv e  to g iv e  a more u n i fo rm  15N 
c o n c e n t r a t io n  in the  p la n t - a v a i l a b le  soil N w i th  t ime .
W i t t y  (1983b) used model c a lcu la t ions  to i l l u s t r a t e  t h a t  even 
r e l a t i v e l y  small d i f f e r e n c e s  in the  p a t t e r n s  o f  N ass im i la t ion  b y  the
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legume and re fe r e n c e  p la n t  could  have  a la rge  e f f e c t  on the  est imate 
15o f  when the  N c o n c e n t r a t i o n  in the  p la n t - a v a i l a b le  soil N v a r ie d
15w i th  t im e.  To overcome t h i s  p ro b le m ,  W i t t y  and R i tz  (1984) used N
compounds  w i th  s lo w - re lease  c h a r a c t e r i s t i c s  to  g iv e  a more u n i fo rm  
15
N c o n c e n t r a t io n  in t h e  soil t h r o u g h o u t  the  measurement  p e r io d .  In
es tab l i shed  p a s tu r e s ,  the  use o f  these  s lo w - re lease  compounds  m ig h t
no t  be w o r t h w h i l e  w i t h o u t  i n c o r p o r a t i o n  in to  the  soi l .  I f  t h e y  were
15placed on the  soil s u r fa c e  t h e r e  may be l i t t l e  p e n e t r a t io n  of  N in to
th e  soil and o n l y  t h e  s u r fa c e  roo ts  wou ld  be i n v o lv e d  in u p ta k e .
I d e a l l y ,  the  soil l a ye rs  t h a t  a re  e x p lo re d  b y  p la n t  roo ts  shou ld  be
u n i f o r m l y  label led (K n ow les  1981).
15When K NO^ was added to  the  soil in a la rge  vo lume o f  w a te r  
15
the  NC>2 was washed f u r t h e r  down the  soil p r o f i l e  than  when a small
vo lume o f  w a te r  was used .  T h e  inc reased  vo lume o f  w a te r  induced  a 
15g r e a t e r  N u p ta k e  b y  r y e g r a s s  and t h i s  in c reased  the  est imate o f  P. 
H o w e v e r ,  i t  is no t  poss ib le  to say wh ich  of  the  two  es t imates  o f  P is 
c o r r e c t .
9 . 4 . 4  E f fe c t  o f  re fe r e n c e  p la n t  on es t imat ion  o f  P 
15Us ing  th e  N iso tope d i l u t i o n  method ,  t h e  es t ima tes o f  P f o r  
lu c e rn e  and c lo v e r  were  lower when t h e y  were  g ro w n  w i th  p ha la r i s  
tha n  w i th  r y e g r a s s .
T hese  es t imates  f o r  c lo v e r  were  d i f f e r e n t  f rom  those  ob ta ined  w i th  the  
15n a tu ra l  N a bundance  method and may be i n c o r r e c t .  In p a r t i c u l a r ,
15t he  P va lue  (49.9%) f o r  c lo v e r  g ro w n  w i th  p ha la r i s  u s ing  the  N 
e n r i c h m e n t  t e c h n iq u e  appears  to be anomalous ly  low compared  w i th  
es t imates o f  P_ f o r  c lo v e r  species g ro w n  w i t h  g ra s s  by  o th e rs  
(H a y s te a d  and Lowe 1977; Edmeades and Goh 1978; Goh et  al .  1978;
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P h i l l ip s  and B e n n e t t  1978; B e r g e rs e n  and T u r n e r  1983).  H ow eve r ,
i t  is feas ib le  t h a t  r y e g r a s s  induced  the  associated legume to f i x  a
la r g e r  p r o p o r t i o n  o f  i t s  N f rom  a tm osp h e r ic  than  p h a la r i s ,  due  to
i t s  g r e a t e r  N ass im i la t ion  ra te  and t h e r e f o r e  i ts  g r e a t e r  compet i t ion
f o r  p la n t - a v a i l a b le  soil N. To  check  the  a c c u ra c y  o f  the  P va lu e  
15u s ing  N iso tope d i l u t i o n ,  i t  is necessa ry  to  ca lcu la te  and compare 
the  re la t i v e  u p ta k e  o f  added N and in d ig e n o u s  soil N b y  the  legume 
and g ra s s .
15T h e  d i f f e r e n t  es t ima tes o f  P f o r  lu ce rne  u s ing  the  N isotope
d i l u t i o n  method w i th  d i f f e r e n t  r e fe r e n c e  p lan ts  g r o w in g  t o g e th e r  in
the  same p lo t  (T a b le  9 .1 2 )  i l l u s t r a t e  t h a t  the  re fe ren c e  p la n t  can
cause e r ro n e o u s  es t ima tes o f  P. T h i s  may be caused b y  d i f fe re n c e s
between re fe r e n c e  p la n ts  in t h e i r  level o f  N u p ta k e  w i th  soil d e p t h ,
in associat ion  w i th  d i f f e r e n c e s  w i th  d e p th  in the  iso top ic  compos i t ion
of  ^ N - l a b e l l e d  p l a n t - a v a i l a b le  soil N (Edmeades and Goh 1979).
So r re l  is known to have  a v i g o r o u s  ro o t  sys tem and e x te n s i v e  rh izome
d ev e lopm en t  ( W h i t t e t  1958) whereas  ch ickw eed  has a v e r y  t h i n  de l ica te
roo t  sys tem (Lamp and Co l le t  1979).  A ls o ,  p h a la r i s  roo ts  p e n e t ra te
deep in to  the  soil (McWil l iam and K ram er  1968) whereas  annual
r y e g r a s s  has a r e l a t i v e l y  shal low ro o t  sys tem ( R o s s i t e r  1966).
D i f f e re n c e s  in the  p a t t e r n  o f  N ass im i la t ion  b y  legumes and
re fe re n c e  p la n ts  w i t h  t im e ,  i n t e r a c t i n g  w i th  changes  in the  iso top ic
15compos i t ion  o f  the  p l a n t - a v a i l a b le  soil N a f t e r  N a p p l i c a t io n ,  could
also cause d i f f e r e n t  est imates  o f  P^ when d i f f e r e n t  r e fe r e n c e  p la n ts  are
used to sample the  ava i lab le  soil N pool ( W i t t y  1983b) .  The
c o m p e t i t i v e  success o f  ch ickw eed  is co ns ide re d  to be p a r t l y  due  to i ts
ra p id  g r o w t h  ra te  (Ho lm et  aL  1977) and t h i s  species had the  h ig h e s t  
15 N c o n c e n t r a t i o n  o f  all o f  the  re fe re n c e  p la n ts .
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These  re su l t s  indicate t h a t  the  major potential source  of e r r o r  in
15estimating P by the  N isotope dilution method is the  unce r ta in ty
15associated with measurement of the  N concentra tion  of the  N 
assimilated from the  soil by  the  legume using a re fe rence  plant.  
T h u s ,  with th is  method it is important to select  a re fe rence  plant to 
match the  legume in its root d is t r ibu t ion  with soil dep th  and in its 
growth p a t te rn  with time.
15With the  natura l  N abundance  method, variabil i ty  in the
isotopic composition of soil N with dep th  and with time are  unlikely to
have p roduced  e r r o r s  in the  estimate of P. In C h ap te r  4, it was
shown th a t  the  isotopic composition of p lant-avai lable  soil N was
uniform th r o u g h o u t  the  0-600 mm dep th  of th is  soil. The natura l  
15abundance  of N in the  soil N assimilated by ry e g r a s s  was also found
to be co n s tan t  t h r o u g h o u t  the  measurement period and th e r e  was no
15difference  in the  na tu ra l  N abundance  of r y e g r a s s  and phalar is  in
all l egum e/g rass  assoc ia tions.  This  uniformity in the  isotopic
composition of p lant-avai lable  soil N with soil dep th  and with time in
15th is  exper iment  s u p p o r t  the  valid ity  of the  natura l  N abundance  
method for estimating fixation by legumes in the  field.
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C HAPTER 10
R E L A T IV E  U P TA KE  OF ADDED AND INDIGENOUS SOIL NITROGEN 
BY LEGUMES AND REFERENCE PLANTS
10.1 I n t r o d u c t i o n
15A major  r e q u i r e m e n t  o f  the  N iso tope d i l u t i o n  t e c h n iq u e  is t h a t
15the  legume and re fe re n c e  p la n t  ass im i late  added N - labe l led  N and 
in d ige n ou s  soil N in the  same ra t io  (_R) ( M c A u l i f f e  et  aL 1958).  T h i s  
r e q u i r e m e n t  may be in d o u b t  due  to changes  in the  iso top ic  composi t ion  
of  the  ^ N - l a b e l l e d  p l a n t - a v a i l a b le  soi l  N w i t h  t ime ( W i t t y  1983b) and 
w i th  soil d e p th  (K n ow les  1981).
W i t t y  (1983b)  sugg e s te d  u s in g  more than  one re fe re n c e  p la n t  to
ob ta in  an es t imate  o f  t h e  iso top ic  compos i t ion  o f  the  N assim i lated f rom
the  soil b y  the  legume. H o w e ve r ,  in the  f i e ld  e x p e r im e n t  ( C h a p t e r  9 ) ,
d i f f e r e n t  est imates  o f  £  were  ob ta in ed  when r y e g r a s s  o r  p ha la r i s  were
g ro w n  in associa t ion  w i t h  s u b te r r a n e a n  c l o v e r ,  and i t  is no t  poss ib le  to
say f rom  these  r e s u l t s  alone w h ich  o f  the  es t imates  was c o r r e c t ,  o r
w h e th e r  the  g ra s s  component  in f lu e n c e d  _P. T h e r e f o r e  i t  is im p o r t a n t  to
be able to assess R_ f o r  bo th  th e  legume and re fe r e n c e  p la n t  so t h a t  the
s u i t a b i l i t y  o f  d i f f e r e n t  r e fe r e n c e  p lan ts  can be examined o b j e c t i v e l y .
A d i r e c t  method f o r  m easu r ing  R f o r  the  legume and re fe ren c e
p la n t  was deve lo ped  and tes ted  in two  po t  e x p e r im e n ts  and a soil p r o f i l e
e x p e r im e n t .  In the  soil p r o f i l e  e x p e r im e n t ,  s u b te r r a n e a n  c lo v e r  was
g ro w n  w i th  e i t h e r  r y e g r a s s  o r  p h a la r i s  in an a t te m p t  to e xp la in  the
15reasons f o r  the  la rge  d i f f e r e n c e s  in P ob ta in ed  u s ing  N iso tope
d i l u t i o n  f o r  these  two p la n t  assoc ia t ions  in the  f i e ld  e x p e r im e n t .
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10.2  P r inc ip le s  of t h e  method
A c c u ra t e  m e a su re m e n t  of t h e  isotopic  composit ion of the  t h r e e
s o u r c e s  of N ass imi la ted  by  t h e  legume would enab le  th e  d i r e c t
es t imat ion of t h e  am oun ts  and  p r o p o r t i o n s  of N d e r iv e d  from each of
15t h e s e  s o u r c e s .  In C h a p t e r  4 it was shown t h a t  t h e  N c o n c e n t r a t i o n s  
of t h e  a tm o s p h e r ic  and  soil N could be a c c u r a t e l y  m e asu re d  and  were  
s u f f i c i e n t ly  d i f f e r e n t  to enab le  t h e  es t imat ion of t h e  am ount of N in t h e  
legume d e r iv e d  from t h e s e  two s o u r c e s .  When t h e r e  is a t h i r d  N 
s o u r c e ,  a d d e d  combined N, it is also poss ib le  to d e t e rm in e  t h e  N 
d e r iv e d  from all t h r e e  s o u r c e s  if s e v e ra l  t r e a t m e n t s  a r e  u sed  w h e re  t h e  
iso topic  composit ion of t h e  a d d e d  N is v a r i e d .  Th is  invo lves  a 
r e g r e s s i o n  a p p r o a c h .
In co l labora t ion  with Dr R. Morton of t h e  CSIRO Division of
Mathematics and  S t a t i s t i c s ,  C a n b e r r a ,  th e  fol lowing e q u a t io n s  w ere
deve loped  to a s s e s s  t h e  am oun ts  of N d e r iv e d  from th e  a t m o s p h e r e ,  soil
and  a d d e d  N by  t h e  legume and  r e f e r e n c e  p la n t .  From t h e s e  r e s u l t s ,
s e p a r a t e  e s t im a tes  w ere  made of t h e  p ro p o r t i o n s  of a d d e d  N and
in d ig e n o u s  soil N ass imi la ted  by  t h e  legume and r e f e r e n c e  p la n t .
At le as t  t h r e e  t r e a t m e n t s  a r e  r e q u i r e d .  One of t h e s e  is a cont ro l
and  t h e  o t h e r s  a r e  o b ta in e d  from app l ica t ions  of combined N a t  one r a t e
15and with two (o r  more)  c o n c e n t r a t i o n s  of N.
When th e  legume and  r e f e r e n c e  p la n t  a re  g row n  t o g e t h e r  ( e . g .  in
mixed l e g u m e / g r a s s  p a s t u r e s )  t h e  d a t a  fo r  t h e  ca lcu la t ions  a r e  o b ta in ed
15by  a n a ly s in g  t h e  legume and  r e f e r e n c e  p la n t  for  total N and  N
immediately be fo re  N add i t ion  ( t h e  g ro w th  per iod  p ) be ing  t h e  time
in te rva l  t ß - t ^ ,  see  d iag ram  be low) .  On plot  is h a r v e s t e d  a t  th i s  s t a g e  
15and  N-label led  N is a d d e d  to a n o t h e r  identica l  p lo t .  At t h e  end  of a 
s u b s e q u e n t  per iod  of g ro w th  ( p ^ ) ,  t h e  second  plot  is also h a r v e s t e d .
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T h e  t ime,  t ^ ,  may c o r r e s p o n d  w i t h  s o w in g ,  o r  in the  case o f  es tab l i shed
p a s tu r e s ,  i t  may be a p r e v io u s  g r a z in g  o r  h a r v e s t .  T h e  p e r iod s  of
15g r o w t h  and the  t imes o f  N a d d i t i o n  and measurement  used f o r  
c a l c u la t in g  _R are  shown in t h e  f o l l o w in g  d ia g ra m :
T h u s ,  the  e x p r e s s io n s  used f o r  t h e  measurement  p e r iod  fo l l o w in g  N
a pp l i c a t io n  ( p e r i o d  p ^ )  are n o t  o b ta in ed  d i r e c t l y  b u t  are ca lcu la ted  as
15t h e  d i f f e r e n c e  between va lu es  f o r  p and p „ .  I f  N - labe l led  N is* o  2
app l ied  p r i o r  to ,  o r  at  t h e  t ime o f  sow ing  th e  p l a n t ,  pQ is zero  and the
ca lc u la t io n s  are  s im p l i f i ed  (see b e lo w ) .
When the  legume and re fe r e n c e  p la n t  a re  g r o w n  in sepa ra te  p lo ts
(as is done w i t h  most  s tud ie s  on c ro p  legumes) i t  is n e ce ssa ry  to  avo id
poss ib le  d i f f e r e n c e s  in the  leve ls  o f  p la n t - a v a i l a b le  soil N between p lo ts .
15These  d i f f e r e n c e s ,  w h ich  m ig h t  g r a d u a l l y  d e v e lo p ,  wou ld  a l t e r  t h e  N
15e n r i c h m e n t  o f  the  ava i lab le  soil N i f  N - lab e l le d  N is added la te r .
15T h e r e f o r e ,  N - labe l led  N m us t  be app l ied  a t  o r  p r i o r  to t h e  t ime o f  
sow ing  th e  legume and re fe r e n c e  p l a n t ,  and the  s im p l i f i ed  e qua t ions  are
also u s e d .
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T h e  fo l lo w in g  e qua t ions  f o r  the  nodu la ted  legume d e s c r ib e  the  
accum u la ted  p la n t  N at  t h e  v a r io u s  s tages o f  the  e x p e r im e n t  us in g  the  
sym bo ls  l is ted  in T a b le  10 .1 .  T h e  f i r s t  s u b s c r i p t  s ig n i f i e s  the  source  
o f  t h e  (n  f o r  n a tu ra l  abu n da n ce  o r  c o n t r o l ,  e f o r  the
e n r i c h e d  added N) and the  second s u b s c r i p t  s ig n i f i e s  t h e  measurement  
p e r io d  (see T ab le  1 0 .1 ) .
a )  T h e  amount  o f  legume N and i t s  i so top ic  compos i t ion  f o r  pQ are
y  = a + s ^ n o  no - n o
(44)
and
Y = (a A + s S ) / ( a  + s ) .no no - n o  o no - n o (45)
15,b )  For p^ the  c o r r e s p o n d in g  equa t ions  f o r  N e n r i c h e d  t r e a tm e n ts
are
*e1 = a ..+ s ..+ x  .. n1 -n1 —e1 (46)
and
Y e1 = (a n T  + -n 1 S1 + ^ e T e ) / ( a n1 + 2n1 + V T
15c )  For p^ t h e  e qua t ions  f o r  the  N e n r i c h e d  t r e a tm e n ts  are 
^e 2  ~ ^ n o  + ^e1
(47)
(48)
and
(49)
In all cases,  e qua t ions  s im i la r  to those  above can be w r i t t e n  f o r  the  
re fe r e n c e  p l a n t  i f  'a' is made equal  to zero and p r imes are  in s e r te d  on 
all sym b o ls ,  as in d ica te d  in T ab le  10.1 .
T h e  is o top ic  compos i t ion  o f  the  legume N at  the  end o f  t h e  tota l  
g r o w t h  p e r iod  ( Y e ^ )  shou ld  be l i n e a r l y  re la ted  to t h a t  o f  the  added N 
( X  ) ( e . g .  see F ig .  10 .1 )  i . e .
Y e 2 = a + ßXe , (50)
w h e re  a and ß are  the  i n t e r c e p t  and s lope r e s p e c t i v e l y  o f  the  
r e g r e s s io n  l ine .  B y  s u b s t i t u t i n g  t h e  te rm s  f o r  Y nQ, Y nQ, Y e1 and Y g1
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f ro m  e q u a t io n s  44, 45, 46, and 47 in to  equ a t ion  49 and re a r ra n g in g  i t  
can be seen t h a t  th e  in te r c e p t  (a )  and slope (ß )  can be w r i t t e n  as 
fo l lo w s :
0 = [ ( a no + an 1 )A  + - n o So + 2 n1S1 ^ 2  (51)
and
(52)P = Se1^e2 •
T h e  c o r re s p o n d in g  re la t io n s h ip  f o r  the  re fe re n c e  p la n t  ( e . g .  F ig . 
1 0 .1 )  is
Y 'e2 = a 1 + ß 'X 'e
w h e re
and
a 1 = (s ' S' + s' .S '  ) / y ‘ D -  no o -  n1 1 ^  e2
(53)
(54)
(55)
P, = * ' e A ' e 2  •
T h e  legume N d e r iv e d  f ro m  th e  soil d u r in g  the  in i t ia l  g ro w th  
p e r io d  can be e l im ina ted  f ro m  e q u a t io n s  51 and 45 b y  s u b s t i t u t in g  f o r
s nQ f ro m  e qu a t ion  44 to  g iv e
a = [ ( a  + a . ) A  + (y  - a )S + s 1S1 ] / y  01 no n1 VJLno no o -n1  1 eZ
and
Y = [a A + (y  - a )S ] / y  no no ^ n o  no o ^ n o
(56)
(57)
T h e  atoms % °N o f  th e  legume N d e r iv e d  f ro m  th e  soil d u r in g  th e  
in i t ia l  g ro w th  p e r io d  can th e n  be e l im ina ted  f ro m  th e  e x p re s s io n  f o r  a 
b y  r e a r ra n g in g  e qu a t ion  57 and s u b s t i t u t in g  f o r  Sq in e qu a t ion  56.
(58)
E qua tion  56 th e n  becomes
a y  _ = y  Y + a .A  + s .S .^e2  ^ n o  no n1 -n1  1
A n o th e r  e x p re s s io n  re la t in g  a  ^ and s ^  can be o b ta in e d  as 
fo l lo w s :  T h e  to ta l  N y ie ld  o f  th e  legum e, d e r iv e d  d u r in g  th e  to ta l
g ro w th  p e r io d  ( p 2 ) ,  can be d e s c r ib e d  b y  the  e q u a t io n ,
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^-e2 ^-no + an1 + -n1  + — e1
(59)
T h e  te rm  can be e l im ina ted  b y  s u b s t i t u t in g  th e  te rm s  f ro m  e qu a t ion
52. Equa t ion  59 th e n  becomes
Y g j O ' ß )  = Y no + an1 + -n 1  ' (60)
We th e n  have  tw o  s im u ltaneous  e q u a t io n s  (58 and 60) w h ich  can be
so lved  f o r  a - and s ... T he  s o lu t io n  is n1 -n1
an l  = [ { a - ( 1 - ß ) S l }ye2 - ( Y ^ J W A - S , )  (61)
i n1 = [ { < H l - ß ) A } y e2 - y nQ ( Y n o - A ) ] / ( S r A )  . <62>
T h e  legume N d e r iv e d  from  th e  added N can be o b ta in e d  b y  r e a r ra n g in g  
e qu a t ion  52 to  g iv e
—e1 = & e 2  • (63)
T h e  iso to p ic  com pos it ion  o f  th e  N d e r iv e d  fro m  the  in d ig e n o u s  soil
N shou ld  be th e  same f o r  th e  legume and re fe re n c e  p la n t  i . e .  = S 1^ .
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T h e r e fo re  th e  va lu e  f o r  can be o b ta in e d  fro m  the  atoms % N va lu e
f o r  the  re fe re n c e  p la n t  in th e  c o n t ro l  t r e a tm e n t .
St = S'., = Y ' n1 = ( y 'n2v n2 - Y 'noY 'no ) / ( * ' n2 - x ' no ) • ( 64>
E qua t ions  f o r  c a lc u la t in g  th e  am oun t o f  N d e r iv e d  fro m  th e  soil N 
and added N b y  th e  re fe re n c e  p la n t  can also be d e r iv e d  in a s im i la r  
m a n n e r .  In th is  case, as no a tm o s p h e r ic  is f i x e d ,  a ^  in e q u a t ion s  
58 and 60 is z e ro .  T h u s ,  e q u a t io n s  62 and 63 become
s' 1 -  n1 = ( a V  0 - y '  V  ) /S  ^  i no no 1
(65)
and
— e l = P'^'e2 • (66)
T h e  ra t io  o f  added N to  soil N a bso rb e d  b y  th e  legume (R_) can be
re a d i ly  ca lcu la te d  f ro m  e q u a t io n s  62 and 63 and the  ra t io  f o r  th e
re fe re n c e  p la n t  (R 1) f ro m  e q u a t io n s  65 and 66. T h e n ,
R = x e1/ i n1 = f ^ e2( S 1- A ) / ( i c (- ( 1 - ß ) A ) y e2 - Y n o ( Y n 0 - A ) ] , (67)
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and
R1 = x '  . / s '  . = ß'y' o S' / ( a ' y 1 0- y '  V  ) . — — e1 -  n l  KJLe2 1 ^  e2 ^  no no ( 68)
I f  t he  N - labe l led  N is app l ied  at  the  t ime o f  sow ing  the  legume 
and re fe r e n c e  p l a n t ,  is equal  to zero  and the  d e te rm in a t io n  o f  these
ra t ios  is g r e a t l y  s im p l i f i e d .  In t h a t  case,  R_ can be r e w r i t t e n  as:
Rs = ß (S1- A ) / { a - ( 1 - ß ) A }  . (69)
S im i l a r l y ,  f o r  the  re fe r e n c e  p l a n t ,  Y ' no c o u ld be taken  as zero and 
R' can be r e w r i t t e n  as:
R ‘ = ß'S' /a '  — s ^ 1
(70)
I t  is a p p a r e n t  f ro m  e qua t ions  69 and 70 t h a t  the  ra t io s  used in the  
s im p l i f i ed  method are  i n d e p e n d e n t  o f  the  N y ie ld s  o f  the  legume and 
re fe r e n c e  p la n t .
T h i s  s im p l i f i ed  app roach  can also be used w h e re  the  legume and 
re fe r e n c e  p la n t  are g ro w n  t o g e t h e r  and the  shoo t  g r o w t h  is removed b y  
c l i p p in g  im med ia te ly  p r i o r  to  N a d d i t i o n ,  a l t h o u g h  w i th  some loss o f  
v a l i d i t y .
10.3  Expe r im en ta l
10.3 .1  Pot e x p e r im e n t  3
T h e  0-100 mm la y e r  o f  a ye l low  podzo l i c  soil (so i l  5, Tab le  3 .1 )  
was passed t h r o u g h  a 1 mm sieve be fo re  use.  I ts  to ta l  N c o n c e n t r a t io n  
was 0.147% w i t h  0.3690 atoms % and i ts pH was 5 .7 .
T h e  e q u i v a le n t  o f  1.85  kg o v e n - d r y  soil p e r  p o l y t h e n e - l i n e d  sealed 
p o t  (140 mm d ia m e te r )  was mixed  w i th  a basal n u t r i e n t  so lu t ion  
c o n ta in in g  (mg po t  ^ )  KH^PO^ (5 0 0 ) ,  Na^SO^ (4 0 0 ) ,  N a ^ B ^ O ^ . lOH^O 
( 7 . 7 )  and Na2MoC>4 .2 H 20  ( 0 . 4 ) .  D is t i l l e d  w a te r  was added to a d ju s t  the  
soil w a te r  c o n te n t  to  70% o f  f i e ld  c a p a c i t y .
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P re ge rm ina ted  seeds o f  s u b te r r a n e a n  c lo v e r  ( c v .  Woogene l lup )  and 
annua l  r y e g r a s s  ( c v .  Wimmera) were  p lan ted  t o g e t h e r  in each po t .  A 
suspens ion  o f  pea t  i n o c u la n t  (N o d u la id  C:  A g r i c u l t u r a l  L a b o ra to r i e s ,
S e f to n ,  N . S . W . )  was the n  s p ra y e d  onto  the  soil a ro u n d  each c lo v e r
seed l ing  to e n s u re  e f f e c t i v e  n o d u la t i o n .  Once the  p lan ts  were  
e s tab l i shed  t h e y  were  t h i n n e d  to  s ix  c lo v e r  and e ig h t  r y e g r a s s  p lan ts  
p e r  p o t .  T he  pots  were  k e p t  in a g lasshouse  w i th  te m p e ra tu r e s
c o n t ro l le d  at  a minimum o f  15°C ( n i g h t )  and maximum o f  30°C ( d a y ) .  
Da i l y  a pp l i c a t io ns  o f  d i s t i l l e d  w a te r  were  made to  ma in ta in  the  soil w a te r  
near  70% o f  f i e ld  c a p a c i t y .
T h i r t y  f o u r  days  l a te r ,  all p la n ts  were  t r im m ed  to 20 mm above the  
soil s u r f a c e ,  and ten  pots  were  then  h a r v e s te d .  Roots and s tu b b le
were  re co ve red  f rom  the  soil b y  s ie v in g  and w a s h in g .  N i t ro g e n
t re a tm e n ts  were  app l ied  to t h e  rem a in in g  po ts .  Two  ra tes  o f  NaNO^
-1 -1 
( 0 .4 6  and 1.54  mg N po t  , be ing  e q u iv a le n t  to  0 .3  and 1 .0  kg N ha )
15were  used at  t h r e e  c o n c e n t r a t i o n s  o f  N.  These  were  ana lysed  to be 
0 .3669 ,  9.9750 and 59.8500 atoms % ^ N .  T h e  NaNO^ was app l ied  to the
- ' I
soil s u r fa c e  in so lu t ion  (10 ml po t  ) and washed  in to  the  soil w i th  50
ml d i s t i l l e d  w a te r .  T h e r e  were  12 re p l i ca te s  o f  a co n t ro l  (no  added N)
15and 8 re p l i ca tes  o f  each N e n r i c h e d  NaNO^ t r e a tm e n t .
T w e n t y  one d ays  a f t e r  N a d d i t i o n ,  p la n t  mater ia l  f rom  all pots was 
h a r v e s te d  b y  c u t t i n g  o f f  t he  shoots 20 mm above the  soil s u r fa c e  and 
r e t r i e v a l  o f  p la n t  s t u b b le  + roo ts  was as d e s c r ib e d  above .  P lant  
mater ia l  was sepa ra ted  in to  c lo v e r  and g rass  components  and ana lysed  
f o r  to ta l  N and .
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1 0 .3 .2  Pot e x p e r i m e n t  4
T h e  0-100 mm laye r  of a n o t h e r  yellow podzolic soil ( s e e  sect ion
1 0 . 3 . 1 )  was col lected  from p a s t u r e  plots  which  had rece ived  1 .05  kg N 
-1 15ha as NaNO^ (95 atoms % N) t h r e e  y e a r s  p r e v io u s l y .  T h e  total N
c o n t e n t  of th i s  l aye r  was 0.281% (a lm ost  twice t h a t  of pot  e x p e r i m e n t  3)
with 0.3879 atoms % and  i ts  pH was 5 .7 .
Soil p r e p a r a t i o n ,  p o t s ,  basal  f e r t i l i z e r  so lu t ion ,  p la n t  spec ie s  and  
p la n t in g  p r o c e d u r e  were  t h e  same as in po t  e x p e r i m e n t  3. T h e  
e q u i v a l e n t  of 1.57 kg o v e n - d r y  soil was u sed  fo r  each po t  which 
c o n ta in ed  t h r e e  s u b t e r r a n e a n  c love r  and  f o u r  r y e g r a s s  p l a n t s .  
R y e g r a s s  was p la n te d  f o u r  d a y s  a f t e r  t h e  s u b t e r r a n e a n  c love r  in an
a t t e m p t  to ob ta in  a more com parab le  p a t t e r n  of g ro w th  with time fo r  t h e  
two spec ie s  t h a n  o c c u r r e d  in pot  e x p e r i m e n t  3. C lover  p la n t s  were  
removed from s u r p l u s  po ts  at  r e g u l a r  i n t e r v a l s  to c h e c k  on nodule  
de v e lo p m e n t .  By 30 d a y s  a f t e r  p l a n t in g ,  t h e  nodu le s  were  well
dev e lo p ed  and  all p l a n t s  w ere  tr immed to 20 mm h e i g h t .  Six rep l i ca te s  
w ere  th e n  h a r v e s t e d .
Two forms  of combined N [NaNCc and ( N H ^ ^ S O ^ ]  w ere  appl ied  to
-1
t h e  soil s u r f a c e  ( a s  in po t  e x p e r i m e n t  3) a t  one r a t e  ( 1 .5 4  mg N po t  ,
-1 15be ing  e q u i v a l e n t  to 1 kg N ha ) and  f o u r  levels  of N e n r i c h m e n t .
T h e s e  w ere  a n a ly s e d  to be 0 .3742,  19.200,  38.400 and  57.600 atoms %
fo r  NaNO2 and  0 .3689,  18.750,  37.500 and  56.250 atoms % fo r
(NH4 ) 2SC>4 . T h e r e  w ere  16 re p l i c a t e s  of a con t ro l  (no  a d d e d  N) ,  12
15r e p l i c a t e s  of NaNO^ a t  4 c o n c e n t r a t i o n s  of N and 6 r e p l i ca te s  of
15(NH4 ) 2SC>4 a t  4 levels  of N e n r i c h m e n t .  T h r e e  re p l i c a t e s  of t h e  
NaNO^ t r e a t m e n t s  w ere  h a r v e s t e d  3, 6, 12 and  27 d a y s  a f t e r  N add i t ion  
and  t h r e e  r e p l i c a t e s  of t h e  (N H 4 ) 2SC>4 t r e a t m e n t s  were  h a r v e s t e d  6 and
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27 days  a f t e r  N a d d i t i o n .  In t h i s  e x p e r im e n t  the  h a r v e s te d  p lan ts  were
no t  sepa ra ted  in to  shoots and ro o ts ,  b u t  the  whole  p lan ts  were  used f o r
15
ana lys is  o f  to ta l  N and N.
1 0 .3 .3  Soil p r o f i l e  e x p e r im e n t
1 0 .3 .3 .1  Soi ls
T h e  same soil as d e s c r ib e d  in sec t ion  1 0 .3 .2  was used in t h i s  
e x p e r im e n t  e x c e p t  t h a t  t h r e e  laye rs  o f  soil were  co l lec ted  (0 -100 ,  
100-200 and 200-400 mm) f rom  areas w i th  and w i t h o u t  the  p re v io u s  
e n r i c h m e n t .
Two major  s tud ie s  were  co nd u c te d  w i t h in  t h i s  e x p e r im e n t  and these 
in v o lv e d  d i f f e r e n t  soil com b ina t ions .  In the  main s t u d y  on the  ra t io  
( R.) o f  u p ta k e  o f  added N and in d ige n ou s  soil N,  the  0-100 mm soil
la ye r  had been label led in N t h r e e  y ea rs  p r e v i o u s l y ,  whereas  the
100-200 and 200-400 mm laye rs  were  u n lab e l le d .  In t h e  roo t  a c t i v i t y
s t u d y ,  all t h r e e  la ye rs  were  u n la b e l le d .  T he  0-100 mm label led soil had 
a tota l  N c o n c e n t r a t io n  o f  0.226% N w i t h  0.3760 atoms % 15N and i ts  pH 
was 5 .7 .  T h e  0-100 ,  100-200 and 200-400 mm la ye rs  o f  un labe l led  soil 
con ta ined  0 .204,  0.064 and 0.027% N and had c o n c e n t r a t io n s  o f
0 .3680 ,  0.3691 and 0.3691 atoms % r e s p e c t i v e l y .  T he  pH o f  these
la ye rs  was 5 .7 ,  5 .4  and 6 .5  r e s p e c t i v e l y .
1 0 . 3 . 3 . 2  E xpe r im en ta l  des ign
1 0 . 3 . 3 . 2 .1  Main s t u d y  (es t im a t ion  o f  R )
A randomised  b lo c k  des ign  was used w i t h  two  re p l i ca te s  o f  the
fo l lo w in g  t r e a tm e n ts :  2 species com b ina t io ns  x [1 p r e t r e a t m e n t  h a r v e s t  + 
15(4  leve ls o f  N e n r i c h m e n t  x 4 h a r v e s t  d a t e s ) ] .  S u b te r ra n e a n  c lo v e r  
was sown w i th  e i t h e r  annua l  r y e g r a s s  o r  p h a la r i s  and ten  weeks a f t e r  
s o w in g ,  the  p la n t  shoo ts  we re  t r im m ed  to 20 mm h e i g h t .  A t  t h i s  s tage
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two repl icates  of each of the  two plant combinations were removed for a 
p re t re a tm en t  h a r v e s t .  The  remaining t rea tm en ts  then received e i ther  
no added N, or KNO^ (5 .3  mg N profile , being equivalent  to 1 kg N 
ha ^ ) at  t h r e e  concen tra t ions  of (1.0444, 22.9255 and 68.0411 atoms 
% N) added  to the  soil su r face  with 290 ml distilled water (equ iva len t  
to 2 mm prec ip i ta t ion ) .  H arves ts  were taken  4, 8, 16 and 32 days  a f te r  
t r imming .
1 0 .3 .3 .2 .2  Root activ ity  s tu d y
T h ree  replicates  of two species  combinations (as in section
1 0 .3 .3 .2 .1 )  and four  t rea tm en ts  were u sed .  The t rea tm en ts  were no
-1 15added  N and KNC>3 solution (15 pg N ml and 99 atoms % N) injected
into the  soil at  e ight  posit ions a round the  pot for each of the  50, 150
15and 300 mm soil d e p th s .  H arves ts  were taken 4 and 16 days  a f te r  N 
in jec tion .
10 .3 .3 .3  Experimental  p rocedu re
Coarse  r i v e r - s a n d  (6 kg) was placed in the  bottom of each 
cyl inder  (260 mm diameter ,  450 mm deep ;  Plate 10.1) to facil itate water 
d ra inage .  Soil from each layer  was s h r e d d e d ,  mixed and placed into 
the  cy l inders  in each of the i r  respec t ive  layers and p re s sed  down until 
a b u lk -d e n s i ty  similar to t h a t  found in the  field was ob ta ined .  The 
amounts of soil used were equ ivalen t  to 5 .7 ,  7 .4  and 15.5 kg o v e n - d r y  
soil for the  0-100, 100-200 and 200-400 mm layers re spec t ive ly .
The cy l inders  were placed in a g la sshouse  (6°-25°C) and a basal 
n u t r i e n t  solution containing  (mg cy l inder  ) KH^PO^ (1000),
Na2S 0 4(600),  MgS04 .7H20  (200),  N a ^ C y  10H2O (26) and
Na2Mo04 .2H20  (4) was applied to the  soil su r face  in each cyl inder  and 
washed in with disti lled water  (1 I cy l inder  ).
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Clover  s e e d s  w ere  s p r a y e d  with a s u s p e n s i o n  of pea t  in o c u la n t  
(N odula id  C) to e n s u r e  e f f e c t iv e  nodu la t ion  and  p la n t  s e e d s  w ere  sown 
10 mm below t h e  soil s u r f a c e .  D ur ing  th e  f i r s t  n ine weeks  a f t e r  
sow ing ,  t h e  soils  w ere  g iven  r e g u l a r  app l ica t ions  of d is t i l l ed  w a te r  unti l  
w a t e r  d r a in e d  o u t  of t h e  bottom of t h e  c y l i n d e r s .  At n ine  w e e k s ,  t h e  
c y l i n d e r s  w ere  re loc a ted  a t  random with in  t h e  g la s s h o u s e  and  a 
b o t to m -w a te r in g  s y s tem  was u sed  to s imula te  field co n d i t io n s ;  th e  
c y l i n d e r s  were  p laced  into PVC t r a y s  to which dis t i l l ed  w a te r  was ad d ed  
r e g u l a r l y  (P la te  1 0 . 1 ) .  Nine w eeks  a f t e r  sowing ,  soil co re s  were  
removed from t h e  s u r p l u s  c y l i n d e r s  to exam ine root  p e n e t r a t i o n  into t h e  
soil.  At th i s  s t a g e  some roo ts  had  p e n e t r a t e d  to n e a r  t h e  bottom of th e  
c y l i n d e r  and  t h e r e f o r e  t r e a t m e n t s  w ere  commenced one week a f t e r  
b e g i n n in g  b o t t o m - w a t e r i n g .
S e p a r a t e  c y l i n d e r s  w ere  u sed  a t  each h a r v e s t ,  e x c e p t  in t h e  root
a c t i v i t y  s t u d y  w h e re  t h e  shoo ts  co llected  a t  d a y  16 w ere  t h e  r e g r o w th
s ince  t h e  d a y  4 h a r v e s t .  P lan ts  w ere  h a r v e s t e d  by  c u t t i n g  off  th e
s h o o t s  a t  g r o u n d  level .  T h e  p la n t  material  fo r  t h e  two ha lves  of each
c y l i n d e r  were  k e p t  s e p a r a t e .  In t h e  main s t u d y  (es t imation  of _R), root
samples  were  also co l lected  a t  d a y s  0 and  16 a f t e r  t r imming by  removing
two 150 mm d ia m e te r  c o re s  from each soil l aye r  in each c y l in d e r ;  th e
roo ts  were  w ash ed  with t a p  w a te r  to remove a d h e r i n g  soil.  All shoo t
and  roo t  samples  w ere  s e p a r a t e d  into c lover  and  g r a s s  com ponen ts  and
15a n a ly s e d  fo r  total  N and  N.
In t h e  main s t u d y ,  soil samples  were  col lected  a t  4, 8, 16 and  32
d a y s  a f t e r  t r imming from t h e  0-25 ,  25-50 ( a t  day  4 only  a 0-50 mm
sample was c o l l e c t e d ) ,  50-100,  100-150,  150-200 and 200-400 mm la y e r s
15of th e  con t ro l  and  K N 0 3 (68 atoms % N) t r e a t e d  c y l in d e r s  and
15a n a l y s e d  for  i n o rg a n ic  N and  N.
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1 0 . 3 . 3 . 3 . 1  Method o f ^ N  in jec t ion  fo r  t h e  root
ac t iv i t y  s t u d y  
15T h e  method of N inject ion invo lved  fo r c in g  a s t a in le s s  s tee l  t u b e
(8 mm e x t e r n a l  d ia m e te r )  with an in t e rn a l  p l u n g e r  into t h e  soil to th e
d e s i r e d  d e p t h .  T h e  p l u n g e r  was removed  and  t h e  t u b e  was l i f ted  up  in
t h e  soil by  20 mm to avoid s u b s e q u e n t  contamina t ion  of t h e  t u b e  by 
15 15N. T h e  N so lu t ion was d raw n  into a s y r i n g e  which had  a p iece  of
2 mm d ia m e te r  p la s t ic  t u b i n g  (500 mm long)  a t t a c h e d .  T h e  p la s t ic
t u b i n g  was i n s e r t e d  into t h e  s t a in le s s  s tee l  t u b e  unti l  it was 10 mm
15below t h e  bottom of t h e  s t a in le s s  s tee l  t u b e .  Two ml of K NO^
solution was t h e n  in jec ted  into t h e  soil.  T h e  p la s t ic  t u b i n g  an d  th e
s ta in le s s  s teel  t u b e  w ere  t h e n  r em ove d .  A piece of 8 mm d ia m e te r
wooden dowel was t h e n  fo rced  into t h e  soil channe l  left  by  t h e  s t a in le s s
steel  t u b e  to p r e v e n t  movement of w a te r  and  roo ts  down t h e  c h a n n e l .
15T h e  volume and  n u m b e r  of ad d i t io n s  of K NO^ solut ion to be u sed  
was b ased  on a p re l im in a ry  s t u d y  on s e v e ra l  s u r p l u s  c y l i n d e r s .  In th i s  
s t u d y ,  1, 2 o r  4 ml of bromocreso l  b lue  o r  phenol  red  d y e  was  in jec ted
into t h e  soil and  a f t e r  f o u r  d a y s  t h e  zone  of p e n e t r a t i o n  was
d e t e r m in e d .  T h e  volume of a f f ec ted  soil i n c r e a s e d  as t h e  volume of d y e
i n c r e a s e d .  When 2 ml was a d d e d ,  t h e  volume of soil a f f e c t e d  was  3 .2
3 15cm fo r  both  d y e s .  To e n s u r e  t h a t  t h e  in jec ted  N would be e v e n ly
ass imi la ted  by  all p l a n t s ,  e i g h t  pos i t ions  of in ject ion were  u s e d  fo r  each
soil d e p t h .
1 0 . 3 .4  Calcula t ion of t h e  l inear  r e g r e s s i o n s
T h e  p la n t  N d e r iv e d  from t h e  a t m o s p h e r e ,  soil and  a d d e d  N and  
t h e  r e la t iv e  u p t a k e  of a d d e d  N and  soil N (jR) w ere  ca lcu la ted  by  t h e  
p r o c e d u r e  ou t l ined  in sec t ion  1 0 . 3 . 1 .  In t h a t  p r o c e d u r e  t h e  main 
p a r a m e t e r s  r e q u i r e d  a r e  t h e  i n t e r c e p t  ( a )  and  slope  (ß )  fo r  t h e  l inear
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r e la t i o n s h ip  between the  is o top ic  compos i t ion  o f  p la n t  N ( Y . )  and t h a t  o f  
the  added N (X .  f o r  the  i - t h  level o f  e n r i c h m e n t  o f  the  added N ) .
I n c o r p o r a t i o n  o f  a random e r r o r  te rm  (E . . )  Qives the  fo l l o w in g  model f o r  
the  j t h  re p l i c a te :
Y ij = a + ß X i + Eij (71)
In all t h r e e  e x p e r im e n ts  i t  was fo u n d  t h a t  the  v a r ia n c e  o f  the
e r r o r  te rm  (E.^.) d id  no t  remain c o n s ta n t  b u t  in c reased  m a r k e d ly  as the  
15..
N c o n c e n t r a t i o n  o f  the  added N in c re as e d .  T h u s  a w e ig h te d  
le a s t - s q u a re s  re g re s s io n  ( D r a p e r  and Smith 1966) was used w he re  the  
w e ig h t  (W.) is
W. = 1 / v a r  ( E. j)  . (72)
V a r iances  f o r  R va lu es  were  ob ta in ed  us in g  a ser ies expans ion  to the  
f i r s t  o r d e r  (D a v ie s  and Goldsmith  1972).
10.4  Resu l ts
10.4 .1  Pot  e x p e r im e n t  3
T h e r e  was no s i g n i f i c a n t  e f f e c t  o f  0 .46  o r  1.54 mg N p o t " 1 o f
Na NC>3 on the  to ta l  N accumula ted  b y  c lo v e r  o r  g ra s s  ( T a b le  7 . 2 ) .  A t
the  t ime o f  N a d d i t i o n ,  t h e  to ta l  N y ie ld s  ( r o o t s  + s t u b b le )  were  1.20
and 3 .49 mg N po t  f o r  s u b te r r a n e a n  c lo v e r  and r y e g r a s s  r e s p e c t i v e l y .
T h e  N ass im i la t ion  ra tes  o v e r  t h e  21 d ay  g r o w t h  p e r iod  fo l l o w in g
- 1 - 1a d d i t i o n  o f  NaNO^ were  0 .67 and 1.55 mg N po t  d ay  r e s p e c t i v e l y .
In the  c o n t ro l  (n o  added N) t r e a t m e n t ,  the  iso top ic  compos i t ion  o f
the  g ra s s  N (w ho le  p l a n t s )  at  t h e  s t a r t  o f  the  g r o w t h  p e r iod  was
0.36742 ± 0.00009 atoms % 1^N. T w e n t y  one days  la te r  t h i s  had
in c reased  to 0.36906 ± 0.00003 atoms % 15N and 0.36828 ± 0.00003 atoms 
15
% N f o r  shoo ts  and who le  p lan ts  r e s p e c t i v e l y .
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T h e  l in e a r  e qua t ions  r e la t i n g  the  iso top ic  composi t ion  o f  added N
and p la n t  N e x p la in e d  99.8% o f  the  v a r i a t i o n  in the  data (a d ju s te d  f o r
deg re e s  o f  f r e e d o m ) .  T ab le  10.2  shows the  to ta l  N y ie ld  f o r  g rass  and
c l o v e r ,  d e r i v e d  f ro m  the  a tm osphe re ,  soil and added N. With g ra s s ,
-1
t h e  N d e r i v e d  f ro m  NaNO^ app l ied  at  a ra te  o f  0 .46 mg N po t  was
-1 • ,o n l y  a bou t  1% o f  t h e  t o t a l .  Where 1 .54  mg N po t  was a p p l ie d ,  the  
g ra s s  N d e r i v e d  f ro m  added N inc reased  in d i r e c t  p r o p o r t i o n  to the  
in c reased  a p p l i ca t io n  ra te  ( i . e .  3 .3  t im es )  f o r  bo th  shoots and whole
p la n ts  ( T a b le  1 0 .2 ) .
T h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  between the  JR va lues  f o r  
c l o v e r  and g ra s s  a t  e i t h e r  ra te  o f  N a d d i t i o n ,  w h e th e r  one c o ns ide rs  
t h e  who le  p la n t  o r  j u s t  t h e  data f o r  the  shoots ( T a b le  1 0 .3 ) .  With the  
h i g h e r  N ra te ,  t h e  e r r o r s  associated w i th  R_ were  g r e a t e r  t ha n  those  at  
t h e  lower ra te  and t h i s  re s u l t e d  in a h ig h  S . E . D .  f o r  the  compar ison  
w i t h  r y e g r a s s .  T h i s  was due  to t h e  e r r o r  f o r  the  s lope (ß )  o f  the  
re g re s s io n  (a toms % N in added N v s .  atoms % N in c lo v e r  N) be ing  
la rg e  ( T a b le  1 0 . 4 ) .  T h e  e r r o r  assoc ia ted w i t h  R was c o n s id e r a b l y  
g r e a t e r  f o r  c lo v e r  t h a n  f o r  g ra s s  (1 0 -36  t im e s ) ,  due  m a in ly  to the  e r r o r  
associated w i t h  t h e  small d i f f e r e n c e  between the  iso top ic  composi t ion  o f  
a tm o s p h e r i c  and soil N.  A lso ,  the  e r r o r  in JR f o r  whole  p la n ts  exceeded 
t h a t  f o r  shoo ts  o n l y  ( 3 -5  t im e s )  due  to  the  g r e a t e r  n um b e r  of  f a c to r s  
i n v o l v e d  in the  ca lcu la t ion  o f  R_ f o r  who le  p la n ts .
15
S im i la r  P va lues  w ere  ob ta in ed  b y  u s in g  a N iso tope d i l u t i o n  
method  ( w h ic h  r e q u i r e s  t h a t  the  JR va lu es  f o r  the  legume and re fe re n c e  
p l a n t  be the  same) and b y  a n a tu ra l  N abu n da n ce  method ( w h ic h  has 
no re q u i r e m e n t  c o n c e r n in g  _R, s ince no N was a d d e d )  (T a b le  1 0 .5 ) .  
T h i s  su gg e s ts  t h a t  the  method used f o r  c a lc u la t in g  JR is r e l ia b le .  T h e r e  
was no e f f e c t  on P o f  e i t h e r  ra te  o f  N a d d i t i o n  ( T a b le  1 0 .5 ) .  I t  can be
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seen f rom  T ab le  10.6a t h a t  t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  in the
15es t imates o f  t h e  amount  o f  f i x e d  b y  c lo v e r  us in g  n a tu ra l  N
15
a bu n d a n c e ,  N iso tope d i l u t i o n  o r  t h e  method p roposed  in sect ion 10.2 
(e q u a t io n  61) .
1 0 .4 .2  Pot  e x p e r im e n t  4
As w i th  po t  e x p e r im e n t  3, an app l i ca t io n  o f  1 .54 mg N pot  d id  
n o t  a f f e c t  the  N y ie ld  o f  c lo v e r  o r  g r a s s .  In c o n t r a s t  to po t
e x p e r im e n t  3, t h e  N y ie ld s  f o r  c lo v e r  were  g r e a t e r  tha n  those  f o r  the  
assoc ia ted g ra s s  and e x c e p t  f o r  the  p e r iod  up to  d ay  3 the  N 
ass im i la t ion  ra te  f o r  c lo v e r  exceeded  t h a t  f o r  g rass  (compare  F igs .  
10.2a and 1 0 . 2 b ) .
Where no labe l led -N  was a p p l ie d ,  the  g ra s s  N con ta in ed  a bou t  0 .40 
15atoms % N and t h i s  remained  r e l a t i v e l y  c o n s ta n t  d u r i n g  the
e x pe r im en ta l  pe r iod  ( F i g .  1 0 .3 ) .  T h e  l in e a r  equa t ions  r e la t in g  the
iso top ic  composi t ion  o f  added N and p la n t  N exp la ined  98.6% o f  the
v a r ia t i o n  in the  data  ( a d ju s te d  f o r  deg rees  o f  f re e d o m ) .  T h e  range  in 
15
N c o n c e n t r a t i o n  o f  added N,  fo rm s  o f  added N and h a r v e s t  dates in
t h i s  e x p e r im e n t  p r o v id e d  a ch ec k  on the  e f f e c t  o f  these  f a c to r s  on the
sample v a r ia n c e .  When an a na lys is  o f  v a r ia n c e  was p e r fo rm ed  on the
lo g a r i th m s  o f  the  sample v a r ia nc e s  i t  was f o u n d  t h a t  t h e r e  was no
15s i g n i f i c a n t  d i f f e r e n c e  due  to a ny  f a c t o r  e x c e p t  the  N c o n c e n t r a t io n  of
th e  added N. T h e r e f o r e  r a t h e r  t h a n  ca lc u la t in g  w e ig h t i n g s  f o r  each
re g re s s io n  equa t ion  (see equa t ion  7 2 ) ,  a pooled es t ima te  o f  the  va r ia nc e
15f o r  each c o n c e n t r a t io n  o f  N in the  added N was used .  T h e  va lues  f o r  
t h e  v a r ia nc e s  were  3 .70 x 10 4 .94  x 10 \  7 .65  x 10 4 and 1.85  x
-3 5
10 f o r  each in c re a s in g  N c o n c e n t r a t io n  o f  added N,  these  be ing  
a bou t  0 .37 ,  19, 39 and 57 atoms % r e s p e c t i v e l y  [see sect ion 1 0 .3 .2
f o r  the  actual  va lu es  f o r  NaNO^ and ( N F I ^ ^ S O ^ ] .
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Days after defoliation
Figure  10.2. Changes w i th  t ime in the c o n t r ib u t io n  of  the var ious  
sources of  n i t rogen  fo r  a) sub te r ranean c lover  and b)  
annual  r yeg rass  (po t  exper iment  4 ) .  Values were 
calcula ted, as descr ibed in sect ion 10.2.  Each value was 
calculated from 16 observa t ions .  Bars rep resen t  ± 1  S.E.
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0.395 -
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Days after defoliation
F ig u re  10 .3 . C hanges w i th  time in the  iso top ic  com pos it ion  o f 
s u b te r ra n e a n  c lo v e r  ( o )  and annua l r y e g ra s s  ( • )  in po ts  
re c e iv in g  no added n i t ro g e n  (p o t  e x p e r im e n t  4 ) .  Each 
va lu e  is the  mean o f  f o u r  re p l ic a te s .  B ars  in d ic a te  ± 1
S. E.
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When NaNO^ was a p p l i e d ,  1.5% o f  the  N taken  up b y  the  g rass  b y
days  3 and 6 was d e r i v e d  f rom  the  added N and t h i s  decreased to  1.0%
b y  d ay  27 ( F i g .  1 0 . 2 b ) .  T h e  c o r r e s p o n d in g  va lues  f o r  g rass  N when
( N H ^ ^ S O ^  was app l ied  were  low e r ,  be ing  1.4% b y  d ay  6 and 0.7% b y
d a y  27. P r io r  to d ay  12, none o f  the  c lo v e r  N was o b ta ined  f rom  the
a tm osphe re ,  w h i le  b y  day  27 a bo u t  40% of  the  c lo v e r  N was f i x e d  ( F i g .
1 0 .2 a ) .  T h i s  onse t  o f  f i x a t i o n  b y  c lo v e r  d u r i n g  the  12-27 day
15p e r iod  is also shown b y  the  d ec reas ing  atoms % N o f  c lo v e r  N in the  
c o n t ro l  t r e a tm e n t  ( F i g .  1 0 . 3 ) .  A h ig h  p l a n t -a v a i l a b le  N s ta tu s  o f  the  
soil may be the  cause o f  the  su p p re s s e d  f i x a t i o n  b y  c lo v e r  compared  
w i th  t h a t  in po t  e x p e r im e n t  3. T h i s  is s u p p o r t e d  b y  the  much lower ß 
( T a b le  10 .5 )  and JR va lu es  (compare  Tab les  10.7 and 10 .3 )  in
e x p e r im e n t  4 than  po t  e x p e r im e n t  3.
C lo v e r  and g rass  assimi lated th e  same p r o p o r t i o n s  o f  added N and 
soi l  N d u r i n g  the  27 days  a f t e r  a dd i t io n  o f  NaNO^ (T a b le  1 0 .7 ) .  
H o w e v e r ,  when ( N H ^ ^ S O ^  was app l ied  the  JR va lue  f o r  c lo v e r  was lower 
(P < 0 .0 5 )  t h a n  t h a t  f o r  the  g rass  at  day  27. T h e r e  was no s i g n i f i c a n t  
r e la t i o n s h ip  between the  i n d i v i d u a l  JR va lu es  and the  ra tes  o f  N
ass im i la t ion  b y  e i t h e r  c lo v e r  o r  g ra s s  p la n ts .  T h e  e r r o r s  associated  
w i th  t h e  measurement  o f  JR f o r  bo th  c lo v e r  and g rass  decreased
c o n s id e r a b l y  between days  3 and 27 (T a b le  1 0 .7 ) .  A lso ,  the  e r r o r s
associated w i t h  JR at  days  12 and 27 in t h i s  e x p e r im e n t  were  lower than  
those  f o r  t h e  21 d ay  h a r v e s t  in po t  e x p e r im e n t  3, p a r t i c u l a r l y  f o r  
c lo v e r  (JR e x p e r im e n t  3 ~ 60 x JR e x p e r im e n t  4 ) .  T he  l a t t e r  was l a r g e l y  
due  to the  g r e a t e r  d i f f e r e n c e  in i so top ic  composi t ion  be tween
a tm osp h e r ic  and soil N in po t  e x p e r im e n t  4.
T h e  d i f f e r e n c e  in JR between c lo v e r  and g rass  when the  soil N is 
label led w i th  ( N H 4 ) 2SC>4 b u t  no t  w i t h  NaNO^,  is s u p p o r t e d  b y  the
227
00 cn 00 uo r» 00uo 00 CD uo uooo x— o O x— oo o o O o o
o o o O o o
o o o o o o
> ■M >
ID 10 s_
03 03 1 1 on\ O CD cn r" I"» CM
T3 > (O CC| CO M- o 00 CD
d) S_ ID c_ CM CM o o 00 x—
+-> ro O 10 03 o O o o o o
ro n CD
10
ro >o
o O o o o o
1 TOC CD
j_
O Ü
o O 0
1
o o o
t/3
10
ro C
0J c 10ty \ —J ✓">. /—s
/"■■s UJ m M" CD D- x—
q:|
U)
o TO03
/^\
1—
CD 
r— o
uo
o
M" uo
o'—y L_ 00 O o o o o■4—* ro o O o o o o
C E o • •
0) "5 • o o o o o
CD TO u o '—✓ '—^ _ '
O 03 ro ’s_4 1— CM X— uoI— TO u s_ 1— r^ - CM CM4-> TO 03 oo CM OO oo o uo
c ro CO > T— i— x— o x— oro O cn \ o o O o o o_ <4— £ • • • •
o o 411 U o o o o o o
10
E □
o $_o ro /-~N /»■■N r—N■M w<+- > 1— uo uo CD uo D*
CD 00 CM uo CMc n o o o o o03 o CM o o o o o
CD JD ro o o o o o o
O LLl o • • • •
i_ T3 • o o o o o
■M 0) o V_'
c Ur- /~S
'—/
00 CM cn 00 1^*l—/it ■M" 00 CM x— uo 00 M-
TD
03
T3
*-U
□
<4-
f—
+->
c
03
to
to
ro
s_
q;|
uo
T—
o
uo
r—
o
00
o
o
o
00
o
D-
o
o
TD L. E O o o o o o o<T3 '7~
a
ti
o
 
o
f
ir
a
s
s
 
a
s d)
a
X
03
■M
o
+-*
10
03
>
c.
ro
03
E
00 CD CM
1“ 27 CD 27
cn 0303
a I
>
• c
— o M"
o
V
ro
=j
c tö d- z
o
CO
CMc TO O 00 ■^Nd) ro ro E
TO
03 o M-
ID £_ TO z I03 o TO ro z
f— UL ro Z
oo
o
03
ID
03
h
03
+J
O
c
*->
oo
(1)
(D
CO
228
va lu es  ca lcu la ted  f rom  the  same data  f o r  the  p r o p o r t i o n  o f  N f i x e d
15( T a b le  1 0 . 5 ) .  T h e  P va lu e  ca lcu la ted  b y  N iso tope d i l u t i o n ,  was
15s im i la r  f o r  t r e a tm e n ts  w i th  added NaNO^ and f o r  n a tu ra l  N abundance
w h e re  t h e r e  was no N a d d i t i o n  and t h e r e f o r e  no r e q u i r e m e n t  c o n c e rn in g
R_. H o w e v e r ,  s im i la r  c a lcu la t ions  f o r  ( N H ^ ^ S O ^  re s u l ted  in a
s i g n i f i c a n t l y  (P < 0 .0 5 )  h i g h e r  va lu e  o f  P. S im i l a r l y ,  t h e r e  was no
s i g n i f i c a n t  d i f f e r e n c e  between t r e a tm e n ts  in the  est imates  o f  the  amount
15o f  c lo v e r  N f i x e d  f rom  a tm osp h e r ic  u s in g  n a tu ra l  N a bu n da n ce ,
15 N iso tope d i l u t i o n  o r  the  method p roposed  in sect ion 10 .2 ,  e x c e p t  f o r
15 15a l a r g e r  es t imate  w i t h  the  N - e n r i c h e d  (NH^),pSO^ t re a tm e n t  u s ing  N
iso tope d i l u t i o n  (T a b le  1 0 .6 ) .
1 0 .4 .3  Soi l  p r o f i l e  e x p e r im e n t
1 0 .4 .3 .1  Main s t u d y  (es t im a t ion  o f  R )
1 0 . 4 . 3 . 1 .1  P lant  n i t r o g e n  accum ula t ion  and iso top ic  
compos i t ion
-1A p p l i c a t i o n  o f  t h e  e q u i v a le n t  o f  1 kg N ha had no s i g n i f i c a n t
e f f e c t  on th e  amoun t  o f  N assim i la ted  b y  c lo v e r  o r  i t s  associated  g r a s s ,
as was f o u n d  in all t h e  o th e r  e x p e r im e n ts  (see C h a p te r  7 ) .  T he  amount
o f  N removed when the  shoots  were  t r im m ed  ( d a y  0)  was 133 and 80 mg 
-1
N p o t  f o r  r y e g r a s s  and p h a la r i s  r e s p e c t i v e l y .  A s im i la r  r e la t i v e  
d i f f e r e n c e  between r y e g r a s s  and p h a la r i s  remained in the  s t u b b le  N 
a f t e r  t r im m in g  and was m a in ta ined  t h r o u g h o u t  the  measurement  p e r iod  
( F i g .  1 0 .4 a ) .  C o n v e r s e l y ,  the  in i t ia l  N y ie ld  o f  c lo v e r  g ro w n  w i th  
p h a la r i s  was g r e a t e r  tha n  when  g ro w n  w i th  r y e g r a s s  and t h i s  d i f f e r e n c e  
remained  t h r o u g h o u t  t h e  g r o w t h  p e r iod  ( F i g .  1 0 .4 a ) .  H o w e ve r ,  d u r i n g  
the  4-8  d ay  p e r iod  th e  ra te  o f  N ass im i la t ion  b y  r y e g r a s s  was g r e a t e r  
th a n  t h a t  b y  p h a la r i s  and the  N ass im i la t ion  ra te  f o r  c lo v e r  g ro w n  w i th  
r y e g r a s s  was less th a n  when g ro w n  w i t h  p h a la r i s  ( F i g .  1 0 . 4 b ) .
229
Days after defoliation
F ig u re  10 .4 .  Changes  w i t h  t ime in a)  t h e  amount  o f  n i t r o g e n  and b )  
t h e  ra te  o f  n i t r o g e n  ass im i la t io n  b y  s u b te r r a n e a n  c lo v e r  
( O )  g ro w n  w i t h  annua l  r y e g r a s s  ( # )  and s u b te r r a n e a n  
c l o v e r  ( □ )  g ro w n  w i t h  p h a la r i s  ( ■ )  (so i l  p r o f i l e  
e x p e r i m e n t ) .  Values f o r  c l o v e r  r e f e r  to to ta l  n i t r o g e n  
( - - - - )  o r  s o i l - d e r i v e d  n i t r o g e n  ( —  - ) .  Each va lu e  is the  
mean o f  16 r e p l i c a te s .  B a rs  i n d ic a te  ± 1  S .E .
230
15Where no N - labe l led  N was a p p l i e d ,  bo th  g rasses  con ta in ed  abou t  
150.375 atoms % N and t h i s  rema ined  r e l a t i v e l y  c o n s ta n t  d u r i n g  the  32
15d ay  p e r iod  ( F i g .  1 0 .5 a ) .  T h e  n a tu ra l  abu n da n ce  o f  N in c lo v e r
g ro w n  w i t h  r y e g r a s s  was s i g n i f i c a n t l y  lower tha n  when g ro w n  w i th  
p h a la r i s  at  all h a r v e s t s  e x c e p t  d a y  4. In bo th  cases the  r e la t i v e  
d i f f e r e n c e  between c lo v e r  and g ra s s  inc reased  w i th  t ime a f t e r  de fo l ia t io n  
( F i g .  1 0 .5 a ) .
1 0 . 4 . 3 . 1 . 2  P lan t  u p ta k e  o f  added and in d ige n ou s  soil
n i t r o g e n  
15When N label led N was added to the  so i l ,  t h e r e  was a h i g h l y  
s i g n i f i c a n t  (P < 0 .001 )  r e la t i o n s h ip  between the  iso top ic  compos i t ion  o f  
added N and p la n t  N. T h is  is co n f i rm e d  b y  the  small e r r o r s  associated 
w i th  the  est imates  o f  the  s lopes (ß )  o f  t h e  re g re s s io n  l ines (T a b le
1 0 . 8 )  . By  day  4 a f t e r  N a d d i t i o n ,  8% o f  t h e  r y e g r a s s  N was d e r i v e d
f ro m  the  added N and t h i s  decreased to 2% b y  day  32 ( F i g .  1 0 . 6 b ) .
With p h a la r i s ,  the  c o r r e s p o n d in g  va lu es  were  4 and 1% r e s p e c t i v e l y
( F i g .  1 0 . 7 b ) .  T h e  g r e a t e r  u p ta k e  o f  added N b y  r y e g r a s s  is also
shown b y  the  ß and _R va lu es  (T a b le s  10.8  and 10 .9 ,  r e s p e c t i v e l y ) ;
the  va lu es  f o r  r y e g r a s s  were  2-3  t imes h i g h e r  tha n  those  f o r  p h a la r i s .
S im i l a r l y ,  t h e  ß and R va lu es  f o r  c lo v e r  g ro w n  w i t h  r y e g r a s s  g e n e r a l l y
exceeded  those  f o r  c lo v e r  g ro w n  w i t h  p ha la r i s  (T a b le s  10.8  and 1 0 .9 ) .
These  e f fe c t s  are p r o b a b l y  associated w i th  the  lower leve ls o f  i n o r g a n ic
soil N ava i lab le  f o r  p la n t  u p ta k e  in t h e  c l o v e r / r y e g r a s s  p ro f i l e s  (T a b le
151 0 .1 0 ) ,  w h ich  lead to a h i g h e r  N e n r i c h m e n t  o f  t h e  ava i lab le  N poo l .
T h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  between the  est imates  o f  f o r  
c lo v e r  and r y e g r a s s  when g ro w n  t o g e t h e r ,  at  a ny  h a r v e s t  date  (T a b le
1 0 . 9 )  . H o w e ve r ,  the  va lu es  f o r  c lo v e r  w e re  s i g n i f i c a n t l y  h i g h e r  than
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Figure  10.5.  The  isotopic composit ion of plant  ni t rogen in a
s u b t e r r a n e a n  clover  ( 0 ) / a n n u a l  r y e g r a s s  ( • )  associat ion
and a s u b t e r r a n e a n  clover  ( □ ) / p h a l a r i s  ( ■ )  associat ion in
cy l inder s  receiving a) no added ni t rogen or  b)  KNO^ (1 kg 
-1 15N ha , 2 3  atoms % N) (soil profi le exper iment ) .  Each 
value is the  mean of four  repl icates .  Bars  indicate ± 1
S . E .
T
a
b
le
 
1
0
.8
. 
T
h
e
 
In
te
rc
e
p
ts
 
(a
) 
a
n
d
 
sl
o
p
e
s 
(ß
) 
o
f 
th
e
 
re
g
re
s
s
io
n
 
li
n
e
s 
re
la
ti
n
g
 
th
e
 
is
o
to
p
ic
 
co
m
p
o
si
ti
o
n
 
o
f 
p
la
n
t 
n
it
ro
g
e
n
 
to
 
th
a
t 
o
f 
a
d
d
e
d
 
n
it
ro
g
e
n
 
w
h
e
n
 
s
u
b
te
rr
a
n
e
a
n
 
c
lo
v
e
r 
(C
) 
w
a
s 
g
ro
w
n
 
in
 
a
ss
o
ci
a
ti
o
n
 
w
it
h
 
e
it
h
e
r 
p
h
a
la
ri
s
 
(P
) 
o
r 
a
n
n
u
a
l 
ry
e
g
ra
s
s
 
(R
) 
(s
o
il
 
p
ro
fi
le
 
e
x
p
e
ri
m
e
n
t)
.
232
r - v /-"N
0 0 0 3 u o CM OJ CM o
^ r 0 0 ^— CM 0 0 LO "s f co
n*) o O o O o O o o
1 ' — >
O oo 0 3 CO CM CO
r -X 0 0 0 3 0 0 co LO x— r -
0 0 *— c o c o o o
c a . r— CM x— r—
in
to
(T3 \ ,'~S /"“ S
CO O 0 0 LO LO O
o
X— x— o O o O x— oo o o o o o O oo o o o o o o o
o o o o o o o o
'—✓ 'w ' V— ' V__'
LO r - CM o LO 0 3 o o
X— x— CO CM O 0 0 o
CO D - r »
0 0 0 0 o o 0 0 00 00 oo 0 0
o o o o o o o o
/ “ 'S /■ N /—s /—V
CM CO 0 3 o CD 0 3 0 3
. 0 0 CM 0 0 CM LO CO <— CM
1/3 O O o o o O O Oc ^1 > 'w ' v__' ___> V_/o t
• — O LO 0 0 LO x— T— CO 0 3
( X3
>
(_
r -X
V o
00
CM
CO
0 0
0 3
0 3 0 0
r -
lO
(D
CQ. x— t— r ~ t -
1/3
A
O
co s_
r— 03
U ) >O
L- U / —s /-"N r~N /—N(3 CM X— T- 0 3 LO r - CM LO
□ x— X— x— O O x— O o
O o O O O O O o
TJ o o O O o o O o
03
+-> a o o o O o o o o
CD V—/ '— ' ->__' V— ' '—> '—/
D CD 0 0 ^ r CM 0 3 LO
O r - 0 0 0 0 r^> D» c o coco co CO CO co CO CO CO
CD
O
0 0 oo 00 00 0 0 00 0 0 0 0
1/3 o o o o o O o o
03
0)D
03> CL oc CL QC CL QC CL QC
A -» •> * .u
03
U u U U
CO
U U
CM
U u
LU oo <” 0 0
> > >> >
03 CO CD CDQ □ Q Q S
ee
 f
o
o
tn
o
te
, 
T
a
b
le
 1
0
.4
.
N
itr
og
en
 y
ie
ld
 (
m
g 
cy
lin
de
r
233
150
100 -
50 -
0  -J
100 i
Days after defoliation
F ig u re  10.6 .  Changes  w i th  t ime in the  c o n t r i b u t i o n  o f  the  v a r io u s  
sources  o f  n i t r o g e n  f o r  a) s u b te r r a n e a n  c lo v e r  and b )  
annua l  r y e g r a s s  (so i l  p r o f i l e  e x p e r im e n t ) .  Values  were  
ca lc u la te d ,  as d e s c r ib e d  in sec t ion  10.2 .  Each va lue  was 
ca lcu la ted  f rom  16 o b s e r v a t i o n s .  Bars  in d ica te  ± 1  S .E .
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F ig u re  10.7 .  Changes  w i th  t ime in the  c o n t r i b u t i o n  o f  the  v a r io u s  
sources  o f  n i t r o g e n  f o r  a)  s u b te r r a n e a n  c lo v e r  and b )  
p h a la r i s  (so i l  p r o f i l e  e x p e r im e n t ) .  Values  were  ca lcu la te d ,  
as d e s c r ib e d  in sec t ion  10 .2 .  Each va lue  was ca lcu la ted  
u s in g  16 o b s e r v a t i o n s .  Bars  ind ica te  ± 1  S .E .
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15T a b le  10.10. Ino rg an ic  n i t r o g e n  and  N in soil from c y l in d e r s  g ro w in g
s u b t e r r a n e a n  c love r  (C )  and  e i t h e r  p h a la r i s  ( P )  or  annua l  r y e g r a s s  
( R ) ,  fol lowing t h e  add i t ion  of KNO^ (68 atoms % ^ N )  a t  1 kg N ha 
(soil p rof i le  e x p e r i m e n t ) .  Values  fo r  ino rgan ic  n i t ro g e n  r e f e r  to 
u nam ended  t r e a t m e n t s .  Each va lue  is a mean of t h r e e  r e p l i c a t e s .
Soil
d e p t h
(mm)
Days a f t e r  KN00 addi t ion
4 8 16 32
C , P C, R C , P C ,R C ,P C , R C , P C, R
In o rg a n ic  N (mg g 1' so i l ):
0-25 4.73 3.54 3.20 2.68 2.65 2.17 2.81 1.17
25-50 2.54 2.55 1.26 0.68 0 .83 0.72
50-100 2.86 3.07 3.97 2.94 1.18 0.67 0 .54 0.50
100-150 1.79 1.45 2.01 1.46 1.25 0.27 0.36 0.29
150-200 1.53 1.34 1.75 0.80 1.33 0.30 0.37 0 .24
ZOO-400 1 .68 1 .02 1 .18 0.49 1 .69 0.28 0 .25 0.10
S . E . D . 0 .49 0 .54 0.39 0.43 0.34 0.31 0 .38 0.32
Atoms % e x c e s s .1
0-25 7.456 9.756 5.529 6.355 5.283 5.325 4.285 2.992
25-50 0.433 0.787 0.642 1.029 1.000 0.731
50-100 0.849 1.352 0.134 0.326 0.255 0.453 0.196 0.096
100-150 0.311 0.324 0.025 -0 .028 0.195 0.222 0.154 0.130
150-200 0.027 0.029 -0 .024 0.020 0.160 0.098 0.034 0.051
200-400 0.016 0.023 0.006 0.004 0.016 0.039 0.030 0.032
S . E . D . 0.451 0.423 0.410 0.427 0.304 0.326 0.261 0.241
1 In e x c e s s  of c o n t ro l .
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those  f o r  p h a la r i s  when t h e y  were  g ro w n  t o g e t h e r ,  a t  days  8 and 16 
b u t  no t  at  d ay  32. A t  d ay  4 t h e r e  was a la rge  d i f f e r e n c e  in R between 
c lo v e r  and p h a la r i s  when g ro w n  in assoc ia t io n ,  b u t  e r r o r s  were  h igh  
due  to the  small in c rease  in N y ie ld  d u r i n g  the  0 -4  day  pe r iod  and 
t h e r e f o r e  the  d i f f e r e n c e  was no t  s i g n i f i c a n t  ( T a b le  1 0 .9 ) .
1 0 . 4 . 3 . 1 . 3  E r r o r s  associated w i th  the  ca lc u la t io n  o f  R
T h e  e r r o r s  associated w i t h  the  va lues  f o r  a and ß d id  no t  change
a p p r e c ia b l y  w i th  t ime and were  s im i la r  f o r  c lo v e r  and the  associated
g ra s s  (T a b le  1 0 .8 ) .  In c o n t r a s t ,  t he  e r r o r s  associated  w i th  R
decreased  m a r k e d ly  w i th  i n c re a s in g  g r o w t h  p e r iod  (see Tab les  10.7 and
1 0 .9 ) .  T h i s  is due  to  t h e  c o r r e s p o n d in g  inc rease  in the  d i f f e r e n c e
between the  in i t ia l  and f ina l  N y i e ld s .  W ith in  any  one t ime pe r iod  the
e r r o r s  associated  w i th  _R were  also g r e a t e r  f o r  c lo v e r  than  f o r  the
assoc ia ted g ra s s  ( T a b le  1 0 . 9 ) .  T h e  e r r o r s  associated  w i th  R_ in th i s
e x p e r im e n t  were  much g r e a t e r  tha n  those  in pot  e x p e r im e n t  4 (~ 6-20
t im e s ) ,  p a r t i c u l a r l y  w i th  c lo v e r  (compare  Tab les  10.7 and 1 0 .9 ) .
H o w e v e r ,  t h e r e  was l i t t l e  d i f f e r e n c e  between the  e r r o r s  associated  w i th
e i t h e r  t h e  a o r  ß va lues  in these  two  e x p e r im e n ts .  E r r o r s  associated
w i t h  the  change  in p la n t  N y ie ld  o v e r  the  32 day  p e r iod  o f  the  soil
p r o f i l e  s t u d y  were  1 . 5 - 2 . 5  t imes those  ob ta ined  d u r i n g  the  27 day
p e r iod  o f  po t  e x p e r im e n t  4. T h u s ,  the  g r e a t e r  e r r o r s  associated w i t h  R.
f o r  c lo v e r  in the  soil p r o f i l e  s t u d y  were  m a in ly  due to the  d i f f e r e n c e  in 
15
N c o n c e n t r a t i o n  be tween a tm osp h e r ic  N2 and p la n t - a v a i l a b le  soil N 
be ing  smal le r  than  in po t  e x p e r im e n t  4. T h i s  is re a d i l y  seen b y  
co m p a r ing  the  va lues  ob ta ined  f o r  a in the  two  e x p e r im e n ts  (compare  
T ab les  10.4  and 1 0 .8 ) .
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1 0 . 4 . 3 . 1 . 4  Estimation of N0 f ixa t ion  ------------------------- £ ------------
T h e  d i f f e r e n c e  be tw een  t h e  JR v a lues  fo r  c love r  and p h a l a r i s ,  when
g row n  t o g e t h e r ,  a t  d a y s  8 and  16 is s u p p o r t e d  by  th e  e s t im a tes  of P
(T a b le  1 0 .1 1 ) .  Es t imates  of P u s ing  iso tope  di lu t ion were  small and
15of ten  n e g a t iv e  in c o n t r a s t  to t h o s e  fo r  n a t u r a l  N a b u n d a n c e  fo r  t h e
c l o v e r / p h a l a r i s  as soc ia t ion  a t  d a y s  4 ,8  and  16. Th is  was a s soc ia ted  
15with t h e  N c o n c e n t r a t i o n  of c love r  be ing  s ig n i f i can t ly  h ig h e r  t h a n  t h a t
fo r  p h a l a r i s  d u r i n g  th i s  per iod  (F ig .  1 0 . 5 b ) .  However ,  a t  d a y  32
t h e r e  was no d i f f e r e n c e  be tw een  t h e  JR va lu e s  for  c love r  and  p h a l a r i s  o r
15t h e  P va lues  w h e t h e r  ca lcu la ted  by  th e  N isotope di lu t ion  o r  n a tu ra l  
15 N a b u n d a n c e  m e th o d s .  With t h e  c l o v e r / r y e g r a s s  a s soc ia t ion ,  t h e r e
was no s ig n i f i c a n t  d i f f e r e n c e  be tween  es t im a tes  of P o b ta in ed  from t h e
15 15N isotope  d i lu t ion and  n a tu ra l  N a b u n d a n c e  m e th o d s ,  e x c e p t  a t  d a y
154 fo r  th e  a d d e d  N t r e a t m e n t s  a t  23 and  68 atoms % N and a t  d a y  32 
fo r  t h e  68 atoms % t r e a t m e n t  (T a b le  1 0 .1 1 ) .
All e s t im a tes  of P u s in g  th e  conven t iona l  method of ca lcu la t ion  
( e q u a t i o n s  31 and  32, C h a p t e r  3) fo r  c lo v e r  g row n with r y e g r a s s  w ere  
s ig n i f i c a n t ly  h i g h e r  t h a n  th o s e  fo r  c love r  g row n  with p h a l a r i s  (T a b le
1 0 . 1 2 )  . In all c a s e s ,  t h e r e  was no s ig n i f i c a n t  d i f f e r e n c e  be tween  
e s t im a te s  of P u s in g  conven t iona l  o r  y i e l d - d e p e n d e n t  me thods  of 
ca lcu la t ion  ( e q u a t io n s  32 and  34 in C h a p t e r  3, r e s p e c t i v e l y ) ,  as  also 
o c c u r r e d  in t h e  field e x p e r i m e n t  ( C h a p t e r  9 ) .  T he  e r r o r s  a s soc ia ted  
with P d e r iv e d  by  y i e l d - d e p e n d e n t  an d  conven t iona l  ca lcu la t ions  
d e c r e a s e d  as t h e  m e a su re m e n t  per iod  in c re a s e d  (T a b l e s  10.11 and
1 0 . 12 )  .
M easurem en t  of t h e  am ount of N ( ± S . E . )  in th e  roo ts  of each soil 
l a ye r  were  v a r i a b le  and  a v e r a g e d  56 ( 2 6 ) ,  11 (7)  and  4 (3)  mg for  
c lo v e r  and  34 (1 0 ) ,  11 (9)  and  6 (3 )  mg fo r  t h e  g r a s s e s  a t  t h e  0-100,
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T a b le  10.12.  Est imates o f  t h e  p e r c e n ta g e  o f  n i t r o g e n  f i x e d  u s ing
c o nve n t ion a l  and y i e l d - d e p e n d e n t  ca lcu la t ions  ( e q u a t io n s  32 and 
34, r e s p e c t i v e l y )  f o r  s u b te r r a n e a n  c lo v e r  ( C )  as i n f lu e n c e d  b y  i t s
associat ion  w i t h  e i t h e r  p h a la r i s  ( P )  o r  annua l  r y e g r a s s  ( R )  at
15 15n a tu ra l  N abun da n ce  ( n a t . a b . )  o r  a f t e r  N a d d i t i o n  (so i l  p r o f i l e
e x p e r i m e n t ) .  Each va lue  is a mean o f  f o u r  and tw e lv e  o b s e rv a t io n s
15f o r  n a t . a b .  and + N,  r e s p e c t i v e l y .
C o n ven t iona l_______ Y i e l d - d e p e n d e n t
C ,P  C , R S . E . D .  C ,P  C , R S . E . D .
Day 0 :
n a t . a b . 29.4 47.2
Day 0 -4 :
na t .  a b . 29.9 49.8
+ 15n -1 9 .5 27.1
Day 0 -8 :
n a t . a b . 34 .4 52.7
+ 15n -4 3 .6 41.6
Day 0-16:
n a t .  a b . 50.0 71.7
+ 15n - 4 . 3 64.1
Day 0 -32:
n a t . a b . 64 .4 85.5
+ 15n 57.4 69.3
5.1
9 .4 31.4 60.1 36.2
15.6 -6 7 .8 38.6 47.3
6 .8 39.9 61.9 13.4
13.9 -8 8 .2 30.5 28.1
8 .6 60.9 80.8 10.4
10.1 -6 .9 67.8 16.9
7.1 71.7 91.0 10.3
5 .8 62.3 74.8 8 .5
241
100-200 and 200-400 mm soil d e p t h s .  A n a ly s i s  o f  p la n t  roo ts  f o r
c o n c e n t r a t i o n  showed s im i la r  t r e n d s  to those  in the  f i e ld  e x p e r im e n t
( C h a p t e r  9)  w i th  the  n a tu r a l  a bu n da n c e  o f  N in the  roo ts  o f  c lo v e r
and g rasses  be ing  h i g h e r  t h a n  f o r  shoo ts whe reas  t h i s  d i f f e r e n c e
between roo ts  and shoo ts  was re v e rs e d  when  the  soil was label led w i th  
15 NO^ • T h u s ,  as in t h e  f i e ld  e x p e r im e n t ,  t h e r e  was no s i g n i f i c a n t  
d i f f e r e n c e  in the  es t imates o f  P o b ta in e d  u s in g  data  f o r  whole p lan ts  
( s h o o ts  + r o o ts )  o r  shoo ts -a lone  ( T a b le  1 0 .1 1 ) .
15T h e  y i e l d - d e p e n d e n t  es t imates  o f  P u s in g  n a tu ra l  N abundance
data d u r i n g  th e  4 -8 ,  8-16 and 16-32 d a y  p e r io d s  were  41 .4 ,  69.2  and
77.4% f o r  t h e  c l o v e r / p h a l a r i s  assoc ia t ion ,  and 67 .3 ,  90 .5  and 96.2% f o r
the  c l o v e r / r y e g r a s s  associa t ion  r e s p e c t i v e l y .  Est imates o f  the  ra tes  o f
ass im i la t ion  o f  N f ro m  the  soil b y  c l o v e r  were  d e r i v e d  f rom  these  data
and are g iv e n  in  F ig .  1 0 .4 b .  Est imates  o f  t h e  amounts  o f  f i x e d  b y
15c lo v e r  were  s im i la r  when th e  n a tu r a l  N a bundance  and new (see
15
sec t ion  10 .2 )  me thods  were  used b u t  lower  when the  N iso tope 
d i l u t i o n  method was used on data f o r  t h e  c l o v e r / p h a l a r i s  assoc ia t ion  a t  
d ays  8 and 16 (T a b le  1 0 .1 3 ) .
151 0 . 4 . 3 . 1 . 5  N c o n c e n t r a t i o n  o f  p la n t - a v a i l a b le  soil 
n i t r o g e n
15R e g u la r  m easurement  o f  t h e  N c o n c e n t r a t i o n  o f  i n o r g a n ic  soi l  N
15
w i t h  d e p th  ( T a b le  10 .10 )  showed t h a t  t h e  added NO^ was la r g e l y
co n f in e d  to the  0-50 mm soil d e p th  and t h a t  most  o f  i t  remained in the
150-25 mm d e p t h .  T h e  N c o n c e n t r a t i o n  o f  t h e  p l a n t - a v a i l a b le  soil N also
15
decreased  w i t h  t ime a f t e r  a d d i t i o n  o f  K NO^ ( F i g .  10.8 and Tab le
1510.10,  0-25 mm d e p t h ) .  T h i s  dec rease  in N c o n c e n t r a t i o n  was
ca lc u la ted  in an e xpo n e n t ia l  f o rm  as
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Days after 15N addition
32
F ig u re  10 .8 .  I so top ic  compos i t ion  o f  n i t r o g e n  ass im i la ted  by
s u b te r r a n e a n  c lo v e r  ( O )  g ro w n  w i t h  annua l  r y e g r a s s  ( • )
and s u b te r r a n e a n  c lo v e r  ( □ )  g ro w n  w i th  p h a la r i s  ( ■ )  a f t e r
th e  a d d i t i o n  o f  KNO^ (1 kg N ha \  23 atoms % at  day
0. Data are  also g iv e n  f o r  annua l  r y e g r a s s  ( A )  t h a t
15rece ived  KNO^ at  1 atoms % N at  d ay  0. Values were  
ca lc u la ted  u s in g  equa t ion  33 ( C h a p t e r  3)  and are  .means o f  
f o u r  r e p l i c a te s .
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atoms % . = m + ne Dt  (73)soil
15w h e re  m = atoms % N at  t ime i n f i n i t y  ( t a k e n  as n a tu ra l  a b u n d a n c e ) ,  n 
15= atoms % N excess at  t ime ze ro ,  t  = t ime in days  and D = dec l ine  
c o n s ta n t  ( W i t t y  1983b) .  In o r d e r  to  f i t  measured data  to t h i s  
e x p r e s s io n  i t  was r e a r r a n g e d  to  g iv e
Y = loge (atoms % N .| -  m) = logen - Dt  + e r r o r .  (74)
Us ing  re g re s s ion  ana lyses ,  va lues  o b ta in e d  f o r  D ( ± S . E . )  were  0.025
(± 0 .003 ,  r 2 = 0 .7 7 ) and 0.015 (± 0 .003 , r 2 = 0 .5 6 )  f o r data  on the
c o n c e n t r a t i o n o f in o rg a n ic soil N in the  0-25 mm la ye r  f o r
c l o v e r / r y e g r a s s  and c l o v e r / p h a l a r i s  r e s p e c t i v e l y .  T h i s  s i g n i f i c a n t
15d i f f e r e n c e  in d ica tes  t h a t  the  decrease  in N c o n c e n t r a t io n  o f  ava i lab le
N w i th  t ime was g r e a te s t  u n d e r  the  c l o v e r / r y e g r a s s  assoc ia t ion .  T h i s
15is s u p p o r t e d  b y  th e  c o r r e s p o n d in g  va lues  f o r  D us ing  data on the  N 
c o n c e n t r a t i o n  o f  N assimi lated b y  r y e g r a s s  and p ha la r i s  ( F i g .  1 0 .8 ) ,  
be ing  0.026 (± 0 .003 ,  r 2 = 0 .9 2 )  and 0.018 (± 0 .005 ,  r 2 = 0 .4 5 )  
r e s p e c t i v e l y .
1 0 . 4 . 3 . 2  Root  a c t i v i t y  s t u d y
15T h e  n a tu ra l  a bundance  o f  N in r y e g r a s s  N was the  same as t h a t
15in p h a la r i s  N on days  4 and 16 a f t e r  t r im m in g ,  whereas  the  N
c o n c e n t r a t i o n  was lower in c lo v e r  g r o w n  w i th  r y e g r a s s  tha n  in c lo v e r
g ro w n  w i th  p h a la r i s  at  bo th  h a r v e s t s ;  t h e  same e f f e c t  also o c c u r r e d  in
th e  associated main s t u d y  on th e  es t im a t ion  o f  JR (compare  Tab le  10.14
and F ig .  5a ) .  In jec t ion  o f  ^ N - l a b e l l e d  NO^ in to  the  soil a t  50, 150 and
15300 mm d e p th s  caused a s i g n i f i c a n t  (P < 0 .0 1 )  inc rease  in the  N
c o n c e n t r a t i o n  o f  N in bo th  g rasses  and g e n e r a l l y  inc reased  t h a t  in 
c l o v e r .  In the  c l o v e r / p h a l a r i s  assoc ia t ion  t h e r e  was no s i g n i f i c a n t
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15 15e f fe c t  o f  d e p th  o f N in je c t io n  on th e  N c o n c e n tra t io n s  o f  e i th e r
15c lo v e r  o r  p h a la r is  N on d ay  4 (T a b le  1 0 .1 4 ) .  T he  N c o n c e n tra t io n  in
15c lo v e r  N from  th e  c lo v e r / r y e g r a s s  assoc ia t ion  was h ig h e r  when N was
1 5in je c te d  at 50 mm th a n  a t 150 o r  300 mm d e p th s .  C o n v e rs e ly ,  th e  N
15c o n c e n tra t io n  o f  r y e g ra s s  was low er when NO^ was in je c ted  a t th e  50 
mm d e p th  th a n  a t 150 o r  300 mm (T a b le  1 0 .1 4 ) .
15B y  day  16, th e re  was no s ig n i f ic a n t  d i f fe re n c e  between th e  N
15c o n c e n tra t io n  o f  r y e g ra s s  N a t a ny  in je c t io n  d e p th .  H o w e ve r ,  th e  N
c o n c e n tra t io n  o f  c lo v e r  N, when g ro w n  w ith  r y e g ra s s ,  s t i l l  decreased
15w ith  in c re a s in g  d e p th  o f  N in je c t io n  (T a b le  1 0 .1 4 ) .
15
When NO^ was in je c te d  in to  th e  soil a t 50 mm, estim ates o f  IP
fro m  th e  day  4 data f o r  th e  c lo v e r / r y e g r a s s  assoc ia t ion  w ere  s im i la r  to
those  o b ta in ed  from  th e  n a tu ra l  abundance  data (T a b le  1 0 .1 4 ) .  
15
H o w e ve r ,  when NO^ was i nJect ed a t 150 and 300 mm th e  estim ates o f  P
w ere  much h ig h e r .  T h e  d e p th  o f  in je c t io n  had no e f fe c t  on th e
estim ates o b ta in e d  f o r  P on d ay  4 when c lo v e r  was g ro w n  w i th  p h a la r is .
B y  d ay  16, estim ates o f  P^ f o r  c lo v e r  g ro w n  w ith  ry e g ra s s  w ere
15s ig n i f i c a n t ly  low er when N was in je c te d  a t 50 mm th a n  f o r  all o th e r
t re a tm e n ts .  In th e  c lo v e r /p h a la r is  assoc ia t ion  on day  16, estim ates o f  P
15w ere  aga in  s im i la r  in all t re a tm e n ts  e x c e p t  f o r  a low va lu e  when N 
was in je c te d  a t 150 mm.
T h e  P va lues  o b ta in e d  from  th e  d ay  4 data  w ere  h ig h e r  tha n  those
o b ta in e d  from  c o r re s p o n d in g  data  f o r  th e  s tu d y  on th e  es tim a tion  o f  _R
(com pa re  T a b les  10.12 and 1 0 .1 4 ) .  T h is  may be re la ted  to  d i f fe re n c e s
between th e  N s ta tu s  o f  th e  0-100 mm la y e rs  o f th e  so ils  in th e  tw o
s tu d ie s  (see sec tion  1 0 .3 .3 .1 ) .  H o w e ve r ,  on day  16, estim ates o f  P 
15u s in g  n a tu ra l  N abundance  w ere  s im i la r  f o r  th e  tw o  s tu d ie s .
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Most o f  th e  in o rg a n ic  soil N o c c u r re d  in th e  0-100 mm d e p th  o f  the  
soil p ro f i le s  (T a b le  1 0 .1 5 ) .
10.5  D iscuss ion
10.5 .1  An a l te r n a t iv e  method f o r  e s t im a t in g  th e  am ount o f  
f ix e d
D u r in g  th e  d e r iv a t io n  o f  th e  e x p re s s io n  f o r  the  am oun t o f  legume
N o b ta in ed  fro m  th e  in d ig e n o u s  soil N (e q u a t io n  6 2 ) ,  an a l te r n a t iv e
e x p re s s io n  f o r  th e  am oun t o f  legume N f ix e d  f rom  th e  a tm osphere  was
o b ta in e d  (see e qu a t ion  6 1 ) .  T h is  is s im i la r  to  th a t  used f o r  th e
15c a lc u la t io n  o f  a tm o s p h e r ic  f ix e d  u s in g  n a tu ra l  N abundance
(A m a rg e r  e t aL 1979; B e rg e rs e n  and T u r n e r  1983), in be ing
d e p e n d e n t  upon ( A - S ^ ) .  H o w e ve r ,  th is  new e x p re s s io n  has th e
a d va n ta g e  th a t  i t  can be used to  d e te rm ine  th e  am ount o f  f ix e d  b y
15th e  legume when N - la b e l le d  f e r t i l i z e r  is a p p l ie d .  In o th e r  w o rk
e s t im a t in g  th e  am oun t o f  legume N d e r iv e d  from  th e  a tm osphere  and
fro m  th e  in d ig e n o u s  soil N ( e . g .  D e ib e r t  e t aL  1979; Vose e t a[. 1982;
Rennie  and Kemp 1983), th e re  is an im p l ic i t  assum ption  th a t  th e  legume
and re fe re n c e  p la n t  ass im ila te  added N and in d ig e n o u s  soil N in th e
same p ro p o r t io n s .  When th e  method p roposed  in sec tion  10.2  is used i t
is n o t  necessa ry  to  make th is  assum ption  because th e  re fe re n c e  p la n t  is
used to  estim ate  o n ly  th e  iso to p ic  com pos it ion  o f  th e  N d e r iv e d  from  th e
in d ig e n o u s  soil N (see e q u a t ion s  61 and 62 ) .
T h e  estim ates o f  th e  am ount o f  c lo v e r  N f ix e d  b y  th e  p roposed
15method and b y  th e  n a tu ra l  N abundance  method w ere  s im i la r  in po t  
e x p e r im e n ts  3 and 4 and in th e  soil p ro f i le  e x p e r im e n t  (T a b le s  10.6 and 
10 . 12) .
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T ab le  10.15.  I n o rg a n i c  soil n i t r o g e n  in soil p ro f i l e s  g r o w in g  
s u b te r r a n e a n  c lo v e r  in assoc ia t ion  w i th  e i t h e r  annual  r y e g r a s s  o r  
p ha la r i s  ( r o o t  a c t i v i t y  s t u d y ;  soil p r o f i l e  e x p e r im e n t ) .  Each 
va lue  is the  mean o f  t h r e e  re p l i c a te s .
Dep th  o f  soil 
la y e r  (mm)
C lo v e r , r y e g r a s s C lo v e r , p ha la r i s
-1
pg  9 mg la y e r  ^
-1
pg g mg la ye r  ^
Day 4:
0-100 3.47 20.0 4.97 28.3
100-200 0.43 3 .2 0.96 7.1
200-400 0.26 4 .0 0.64 10.0
S . E . D . 0.37 4 .4 0 .12 1 .4
tota l 27.2 45.4
Day 16:
0-100 2.25 12.8 3.94 22.5
100-200 0.75 5 .5 1.40 10.3
200-400 0.46 7.1 0.89 13.7
QLUCO 0.21 2 .5 0.30 3.5
to ta l 25 .4 46.5
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1 0 .5 .2  Fac tors  a f f e c t i n g  the  es t ima t ion  o f  R
T h e  data f rom  the  t h r e e  e x p e r im e n t s  d e s c r ib e d  in t h i s  c h a p te r
al lowed an exam ina t ion  o f  some o f  the  assum pt io ns  o f  the  t e c h n iq u e
p roposed  f o r  m easu r ing  R f o r  t h e  legume and re fe ren c e  p la n t .  In pot
e x p e r im e n t  3 t h e r e  was o n l y  a small d i f f e r e n c e  between the  iso top ic
compos i t ion  o f  N in s u b te r r a n e a n  c lo v e r  d e r i v e d  f rom a tm osphe r ic
( B ,  Tab le  5 .1 )  and t h a t  f rom  in d ig e n o u s  soil N and th i s  re s u l t e d  in a
r e l a t i v e l y  la rge  e r r o r  in the  _R va lues  f o r  c lo v e r .  H ow eve r ,  when a soil
15whose to ta l  N was in e q u i l i b r i u m  w i th  N added t h r e e  yea rs  p r e v i o u s l y
was used ( p o t  e x p e r im e n t  4 and the  soil p r o f i l e  e x p e r im e n t ) ,  the  e r r o r
in _R (assoc ia ted  w i th  the  d i f f e r e n c e  in i so top ic  compos i t ion  be tween
c lo v e r  N d e r i v e d  f rom  the  soil and the  a tm osp h e re )  was c o n s id e r a b l y
r e d u c e d .  T h u s ,  the  a c c u ra c y  in d e t e r m in in g  R f o r  the  legume is
15g r e a te s t  when soi ls have a h ig h  c o n c e n t r a t i o n  o f  N in the  i n d ig e n o u s  
soil N.
15T he  e r r o r s  associated  w i th  the  N c o n c e n t r a t io n  o f  p l a n t  N 
15in c reased  as the  N c o n c e n t r a t io n  o f  t h e  added N inc reased  and the
va lu es  were  w e ig h te d  to a d ju s t  f o r  t h i s .  T hese  e r r o r s  were  l i n e a r l y
15re la ted  to the  atoms % N o f  the  added N in excess o f  t h a t  o f  t h e  soil 
N,  i n d i c a t i n g  t h a t  the  e r r o r  was re la ted  to  v a r i a b i l i t y  in the  
d i s t r i b u t i o n  o f  the  added N in the  po ts .  In c o n t r a s t ,  t he  c o n c e n t r a t i o n  
o f  t h e  p la n t - a v a i l a b le  i n d ige n ou s  soil N shou ld  have been c o n s ta n t  
t h r o u g h o u t  the  pots because th e  soi ls we re  mixed be fo re  p o t t i n g .
A n o t h e r  im p o r t a n t  f a c t o r  c o n t r i b u t i n g  to t h e  la rge  e r r o r s  in t h e  F* 
va lues  f o r  c lo v e r  in po t  e x p e r im e n t  3 was t h a t  a lmost  all o f  t h e  c lo v e r  N 
was f i x e d  f rom  the  a tm osphere  and t h e r e f o r e  th e  u p ta k e  o f  added N and 
soi l  N was v e r y  small .  T h i s  caused low va lues  f o r  ß ( t h e  s lope o f  the  
re g re s s io n  l ine re la t i n g  the  is o top ic  compos i t ions  o f  added N and c lo v e r
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N). In pot exper iment  4, the  accuracy  in determin ing jR for the  legume
was improved by measuring ß more accu ra te ly  (b y  including more levels 
15of N enr ichment  of added N) and the  g r e a t e r  amount of
plant-avai lab le  soil N produced  a h ighe r  ß value for the  clover ( i . e .  a
lower propor tion  of f ix ed ) .  This  indica tes  t h a t  the  estimation of jR
for the  legume t e n d s  to be more acc u ra te  when about 50% of its N is
fixed from the  a tmosphere  than  when it exceeds  90%.
The  accuracy  in estimating jR inc reased  cons iderably  with time 
15a f te r  N addition in pot exper im ent  4 and in the  soil profile 
exper iment .  T h u s ,  it would ap p ea r  t h a t ,  for measurement  periods  of 
less than  14 d a y s ,  th is  t echn ique  is p robab ly  too insens it ive  to be of 
va lue unless  th e r e  a re  l a rger  inc reases  in the  amount of plant N than 
obta ined here .
The  use  of data  for shoo ts-on ly  r a t h e r  than  data  for whole plants
resu l ted  in no s ignif icant d if fe rence  in th e  jR values  or in the  relative
d if fe rence  in jR values  between clover and g ra s s  (Table  10 .4) .  With the
data  for p lan t shoo ts ,  the  simplified ( y ie ld - in d ep e n d en t )  equations  for
estimating jR (see  equat ions  69 and 70, section 10.2) were used  and
th ese  do not r equ i re  initial measurement of the  N p r e s e n t  in the  s tubb le
+ roots .  The re fo re  fewer pa ram ete rs  need to be m easured .  Similar
15considera t ions  apply  when determin ing P with the  N isotope dilution 
method using y ie ld -d e p en d e n t  t e ch n iq u es  (compare  equations  32 and 34, 
C h ap te r  3).  Thus  the  method chosen for measurement of jR and P will 
depend  on the  precision re q u i re d .
10 .5 .3  Inf luence of R on the  estimation of P
As the  d if fe rence  between the  jR values  for the  legume and 
re fe rence  p lant in c rease s ,  the  d i f fe rence  between the  actual P value and
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15t h a t  est imated  b y  N iso tope d i l u t i o n  also inc reases  and th i s  e f f e c t  is
g r e a t e s t  at  low P va lues  ( F i g .  1 0 .9 ) .  T h u s ,  in pot  e x p e r im e n t  3,
w h e re  P was a bo u t  90%, a ny  d i f f e r e n c e s  in R_ between c lo v e r  and
r y e g r a s s  wou ld  have had l i t t l e  e f f e c t  on the  es t ima te  o f  P.
In po t  e x p e r im e n t  4 t h e r e  was a small b u t  s i g n i f i c a n t  d i f f e r e n c e  in
15R_ between c lo v e r  and g rass  when N - labe l led  ( N H ^ ^ S O ^  was used .
T h i s  led to an o v e res t im a te  in the  va lu e  f o r  P^ compared  w i t h  va lues  
15ob ta in ed  w i th  Na NO^ and b y  n a tu ra l  abundance  (51 v s .  42 and 41-6,
r e s p e c t i v e l y ) .  T h i s  cou ld  be due  to  severa l  d i f f e r e n t  causes i n c l u d i n g
+
1) d i f f e r e n c e s  between the  a b i l i t y  o f  the  two  p lan ts  to ass imi late  N H ^ ,
and 2) d i f f e r e n c e s  in a b i l i t y  of  c lo v e r  and g ra s s  to ass imi late  N f rom
d i f f e r e n t  soil d e p th s .  D i f f e re n c e s  between p lan ts  in t h e i r  a b i l i t y  to
ass im i late  N H ^  f ro m  soil have been documented  ( e . g .  Haynes  and Goh
1978).  T h i s  could  also be i n f lu e n c e d  b y  the  movement  o f  added N in
the  so i l .  Movement  o f  NH^ f rom  th e  s i te  o f  a d d i t i o n  is u s u a l l y  small in
most  so i l s ,  whereas  NO^ is r e a d i l y  leached (H a rm sen  and van  S c h re v e n
1955; Nommik and V a h t ra s  1982) .  W ha teve r  the  reason ,  i t  wou ld
app e a r  t h a t ,  i f  15N - labe l led  N is to  be app l ied  to the  soil s u r f a c e ,  i t  is
+ 15
p r e fe r a b le  to  use NC>3 r a t h e r  tha n  N c o m p o u n d s  when us ing  the  N 
iso tope d i l u t i o n  method f o r  m easu r ing  f i x a t i o n .
In po t  e x p e r im e n ts  3 and 4 t h e r e  was a r e l a t i v e l y  small am oun t  o f  
soi l  in each po t  ( 1 . 6 - 1 . 9  k g )  and w i t h i n  a s h o r t  t ime p e r iod  th e  roo ts  
o f  c lo v e r  and r y e g r a s s  were  sp read  t h r o u g h o u t  the  so i l .  T h i s  wou ld  
ten d  to  minimise d i f f e r e n c e s  in roo t  p a t t e r n s  between the  tw o  p la n ts  
compared  w i t h  those  fo u n d  in the  f i e l d .  Because o f  t h i s ,  the  soil 
p r o f i l e  e x p e r im e n t  was e s ta b l i s h e d ,  so t h a t  a ny  d i f f e r e n c e s  between 
p la n ts  in t h e i r  roo t  g r o w t h  w i th  soi l  d e p th  cou ld  be b e t t e r  e x p r e s s e d .  
T h i s  s t u d y  enab led a more a c c u ra te  assessment o f  to  be made than
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Figure  10.9. Effect of re la tive  d i f fe rences  between re fe rence  plant 
and legume in the  ratio of up tak e  of added n i t rogen  and 
indigenous soil n i t rogen  ( R re fe re n ce  p |a n t = ^ legume* on the  
estimates of the  p ropor t ion  ( P) of legume n i t rogen  fixed. 
The broken  line indicates  where  est imated P = actual P.
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cou ld  be done in the  f i e ld  because a c o n s ta n t  p la n t  d e n s i t y  was used
and soil h e te r o g e n e i t y  was overcome b y  u s in g  u n i f o r m l y  mixed soi l  in
15each p r o f i l e  la y e r ,  i n c l u d i n g  one o f  a r e l a t i v e l y  h ig h  ' n a tu r a l '  N 
e n r i c h m e n t  o f  the  soil N.
In the  c l o v e r / r y e g r a s s  assoc ia t ion  o f  the  soil p r o f i l e  e x p e r im e n t ,
15r y e g r a s s  assim i la ted  a g r e a t e r  p r o p o r t i o n  o f  the  NO^ in jec ted  a t  the
150 and 300 mm d e p th s  tha n  at  the  50 mm d e p t h ,  r e s u l t i n g  in h ig h  P
v a lu e s .  T h e r e f o r e  i t  can be c o nc lud e d  t h a t  t h e  a b i l i t y  to a b s o rb  N
f rom  th e  100-200 and 200-400 mm la y e rs  was much g r e a t e r  f o r  r y e g r a s s
th a n  f o r  c l o v e r .  H o w e v e r ,  p la n t  roo ts  were  m a in ly  f o u n d  in t h e  0-100
mm la y e r  and most  o f  the  p l a n t - a v a i l a b l e  soil N was f o u n d  in t h i s  la y e r
( T a b le  1 0 .1 5 ) .  T h u s ,  a ny  d i f f e r e n c e s  in r o o t  p a t t e r n  between p la n ts  in
th e  100-400 mm soil  zone w ou ld  have  o n l y  had a small e f f e c t  on th e  tota l
N u p ta k e  and on the  es t imate  o f  P, and t h i s  is s u p p o r t e d  b y  th e  s im i la r
R_ va lu es  o b ta in ed  f o r  c lo v e r  and r y e g r a s s  in the  main s t u d y  when 
15
NC>2 was app l ied  to  the  soil s u r f a c e .  A s im i la r  e f f e c t  w ou ld  have
been e x pec ted  in the  f i e ld  e x p e r im e n t  w h e re  th e  am oun t  o f
p l a n t - a v a i l a b l e  soil N also decreased  w i t h  soil d e p th  (see sect ion  9 . 3 . 5 ) .
T h e  c l o v e r / p h a l a r i s  associa t ion  in the  soil p r o f i l e  e x p e r im e n t
p ro d u c e d  r e l a t i v e l y  la rge  d i f f e r e n c e s  between the  R_ va lu es  o b ta in e d  f o r
15th e  two  species d u r i n g  the  f i r s t  16 days  a f t e r  N a d d i t i o n .  T h i s  was
15assoc ia ted w i t h  n e g a t i v e  P_ va lues  be ing  es t imated  b y  th e  N iso tope 
d i l u t i o n  m e thod .  T h e  n e g a t i v e  P va lu es  cou ld  have  been due  to :
1) d i f f e r e n c e s  between c lo v e r  and p h a la r i s  in t h e i r  p a t t e r n  o f  N
u p ta k e  w i t h  soil d e p th  (Edmeades and Goh 1979; Knowles 1981),
152) d i f f e r e n c e s  between the  p la n ts  in t h e i r  t r a n s lo c a t i o n  o f  N f rom
roo ts  to shoo ts ,  o r
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3) d i f f e r e n c e s  in t h e i r  p a t t e r n  o f  N ass im i la t ion  w i th  t ime in
15c o n ju n c t i o n  w i t h  changes  in the  N c o n c e n t r a t i o n  o f
p l a n t - a v a i l a b l e  soi l  N ( W i t t y  1 9 8 3 ,0 ) .
15Measurements  o f  soil i n o r g a n ic  N showed t h a t  the  added N was
r e s t r i c t e d  to  the  0-50 mm la y e r  and most  o f  t h i s  was in the  0-25 mm
la y e r .  H o w e v e r ,  the  associated roo t  a c t i v i t y  s t u d y  revea led  t h a t  t h e r e
was no d i f f e r e n c e  be tween c lo v e r  and p h a la r i s  in the  r e la t i v e  u p ta k e  o f
^ N O  ”  f rom  50, 150 and 300 mm soil d e p t h s .  A lso ,  the  n a tu ra l
15a bu n da n ce  o f  N in p h a la r i s  N was the  same as t h a t  in r y e g r a s s  N, 
15w h e th e r  the  N c o n c e n t r a t i o n  o f  soil N was s im i la r  t h r o u g h o u t  the
0-400 mm p r o f i l e  o r  h i g h e r  in t h e  0-100 mm la y e r  t h a n  in the  100-400 
mm zone .  T h is  in d ic a te s  t h a t  bo th  g rasses  ob ta in ed  s im i la r  amounts  o f  
N f ro m  these  two soi l  l a ye rs  and y e t  t h e  d i f f e r e n c e s  in £  between 
p la n ts  g r o w in g  t o g e t h e r  o n l y  o c c u r r e d  in the  c l o v e r / p h a l a r i s  
assoc ia t io n .  T h u s ,  i t  wou ld  app e a r  t h a t  t h e  d i f f e r e n c e s  in £  between 
c l o v e r  and p h a la r i s  were  no t  due  to d i f f e r e n c e s  in t h e i r  roo t  
d i s t r i b u t i o n ,  a l t h o u g h  d i f f e r e n c e s  in t h e i r  N u p ta k e  f rom  the  0-25 mm 
zone r e la t i v e  to t h a t  f ro m  below 25 mm c a nn o t  be com p le te ly  d i s c o u n te d .
Nega t ive  es t imates  o f  £  were  o b ta in ed  when bo th  whole  p l a n t  and 
s h o o t s - o n l y  data  we re  used and t h e r e f o r e  t h i s  p o s s i b i l i t y  can be 
d is c o u n te d .  S im i l a r l y ,  the  d i f f e r e n c e  between £  va lues  f o r  c l o v e r  and 
p h a la r i s  and the  dec rease  in t h i s  d i f f e r e n c e  w i t h  t ime ca n n o t  be 
a t t r i b u t e d  to the  e f f e c t  o f  the  in i t ia l  p la n t  N because y i e l d - d e p e n d e n t  
es t imates o f  £  were  u sed .
I t  wou ld  app e a r  t h a t  the  n e g a t i v e  P v a lue  were  a r e s u l t  o f  changes  
15in the  N e n r i c h m e n t  o f  p la n t - a v a i l a b le  soi l  N w i t h  t ime in c o n ju n c t i o n
w i t h  changes  in the  p a t t e r n  o f  N ass im i la t ion  b y  c lo v e r  and p h a la r i s .  
15T h e  N c o n c e n t r a t i o n  o f  i n o r g a n ic  soil N ( T a b le  10 .10 )  and N
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ass im i la ted  b y  the  g rasses  ( F i g .  10 .8 )  decreased w i th  t ime a f t e r
a d d i t i o n ,  t h e  la rg e s t  dec l ine  o c c u r r i n g  d u r i n g  the  0-8 day  p e r io d .  T h i s  
15
decrease  in N e n r i c h m e n t  was g r e a t e r  u n d e r  the  c l o v e r / r y e g r a s s
assoc ia t ion ,  p re s u m a b ly  because o f  the  g r e a t e r  u p ta k e  o f  3N, than  by
the  c l o v e r / p h a l a r i s  assoc ia t io n .  D i f f e re n c e s  in the  ra te  o f  dec l ine  in
15
N c o n c e n t r a t i o n  o f  N ass im i lated f rom  the  added N + soil N were  also
g en e ra te d  in t h i s  s t u d y  b y  u s ing  added N at  t h r e e  d i f f e r e n t  leve ls o f
15 1S
N e n r i c h m e n t  (1 ,  23 and 68 atoms % N; see Fig .  1 0 .8 ) .  In the
c l o v e r / p h a l a r i s  assoc ia t ion  on days  4, 8 and 16, and in the
15c l o v e r / r y e g r a s s  assoc ia t ion  on d ay  4, the  est imates  o f  P us in g  the  N
15iso tope d i l u t i o n  method g e n e r a l l y  decreased as the  N c o n c e n t r a t io n  o f  
the  added N inc reased  (T a b le  1 0 .1 1 ) .  T h i s  co in c ided  w i th  d i f f e r e n c e s  
between the  R_ va lu es  measured  f o r  c lo v e r  and the  associated g ra s s  
( T a b le  1 0 .9 ) .
T h e r e  appeared  to be l i t t l e  d i f f e r e n c e  between the  p a t t e r n s  of  N 
ass im i la t ion  o f  r y e g r a s s  o r  p h a la r i s ,  o r  f o r  c lo v e r  g ro w n  in e i t h e r  
associa t ion  ( F i g .  1 0 .4 a ) .  Some d i f f e r e n c e s  be tween species in the  ra te  
o f  N ass im i la t ion  o c c u r r e d  between th e  0-4  and 4-8  d ay  pe r iods  b u t  the  
d i f f e r e n c e s  were  more c lose ly  matched in the  c l o v e r / p h a l a r i s  assoc ia t ion  
tha n  in the  c l o v e r / r y e g r a s s  assoc ia t ion .  These  re s u l t s  r e f e r  to tota l  
p l a n t  N,  and in c lu d e  f i x e d  in the  case o f  the  legumes.  T h e
r e q u i r e m e n t  d e s c r ib e d  b y  W i t t y  (1 9 8 3 a ,b )  is t h a t  the  ra t io  o f  u p ta k e  of  
N f ro m  the  soil be tween the  legume and re fe re n c e  p la n t  shou ld  be 
c o n s ta n t  w i t h  t ime.  From F ig .  10 .4b  i t  can be ca lc u la ted  t h a t  t h i s  ra t io  
f o r  c l o v e r  r e la t i v e  to g ra s s  was 0 .3 2 ,  0 .12 ,  0.11 and 0.11 f o r  the
c l o v e r / r y e g r a s s  associa t ion  and 0 .54 ,  0 .4 4 ,  0 .35 and 0 .84  f o r  the
c l o v e r / p h a l a r i s  associa t ion  f o r  the  0 -4 ,  4 -8 ,  8-16 and 16-32 d ay
p e r i o d s ,  r e s p e c t i v e l y .  A l t h o u g h  the  ra t io  was c o n s ta n t  d u r i n g  the  4-32
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d a y  p e r iod  f o r  the  c l o v e r / r y e g r a s s  assoc ia t ion ,  the  in i t ia l  change was 
s im i la r  to the  o v e ra l l  v a r i a t i o n  in t h e  ra t ios  f o r  the  c l o v e r / p h a l a r i s  
assoc ia t io n .  These  re s u l t s  i l l u s t r a t e  t h a t  t h e  s u i t a b i l i t y  o f  d i f f e r e n t  
re fe r e n c e  p la n ts  f o r  o b ta in in g  a c o r r e c t  es t ima te  o f  P canno t  a lways  be 
p r e d ic t e d  f rom  s imple compar isons  o f  t h e i r  N accumula t ion  o v e r  t ime 
re la t i v e  to those  o f  the  legume o r  even f rom  a compar ison  w i th  the  
amounts  o f  N d e r i v e d  f rom  th e  soi l .
T h e  soil p r o f i l e  s t u d y  has shown t h a t ,  i f  t he  legume and re fe re n c e
15
p la n t  are  n o t  wel l  ma tched ,  the n  a c o r r e c t  est imate o f  the  N
c o n c e n t r a t i o n  o f  the  added N + soil N asss im i la ted  b y  the  legume may be
ob ta in ed  o n l y  a t  c e r ta in  s tages o f  p la n t  g r o w t h .  T h u s ,  p ha la r i s  was
shown to be a poo r  re fe re n c e  p la n t  f o r  s u b te r r a n e a n  c lo v e r  when P was 
15est imated  b y  N iso tope d i l u t i o n ,  at  least  d u r i n g  r e l a t i v e l y  s h o r t
g r o w t h  p e r io d s .  T h i s  s u p p o r t s  the  su gg e s t ion  f rom  th e  f ie ld
e x p e r im e n t  ( C h a p t e r  9)  t h a t  the  v a lue  o f  P f o r  c lo v e r  g ro w n  w i th
15p h a la r i s  ob ta ined  b y  the  N iso tope d i l u t i o n  method may have  been 
u n d e r e s t i m a te d .
T h e  re fe re n c e  p la n t  can also have  a real e f f e c t  on £  when g ro w n  
in associat ion  w i t h  the  legume ( T a b le  1 0 .1 2 ) .  When c lo v e r  was g ro w n  
w i t h  r y e g r a s s  i t  f i x e d  a g r e a t e r  p r o p o r t i o n  o f  i ts  N tha n  when g ro w n  
w i t h  p h a la r i s .  T h i s  can be a t t r i b u t e d  to  the  g r e a t e r  dep le t ion  o f  
ava i lab le  soil N b y  r y e g r a s s  tha n  b y  p h a la r i s .  R ye g rass  is a 
f a s t - e s t a b l i s h i n g  g ra s s  whereas  p h a la r i s  is n o to r io u s l y  slow ( L a n g e r  
1973) and t h i s  d i f f e r e n c e  in ra te  o f  e s ta b l i s h m e n t  re s u l t e d  in r y e g r a s s  
e x t r a c t i n g  much more soil N b y  the  s t a r t  o f  the  measurement  p e r io d .  
T h e  h i g h e r  leve ls o f  i n o r g a n ic  N in t h e  soil u n d e r  t h e  c l o v e r / p h a l a r i s  
associat ion  (see T ab le  10 .10)  re s u l t e d  in a lo n g e r  de lay  in the  onse t  of  
h ig h  leve ls o f  f i x a t i o n .  T h e  e f f e c t  o f  in c re a s in g  leve ls o f  i n o r g a n ic
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N in the  soil on d e la y in g  n od u la t i on  and the  onse t  o f  f i x a t i o n ,  and 
on r e d u c in g  P_ is wel l  documented  ( e . g .  M c A u l i f f e  et  aL  1958; Munns  
1977; Hog lund  and B r o c k  1978).  D u r i n g  the  measurement  pe r iod  the  £  
va lues  in c re ase d ,  p re s u m a b ly  due  to dep le t ion  o f  p la n t -a v a i l a b le  soil N 
(T a b le  1 0 .1 0 ) .  T h e  r e d u c t i o n  in p la n t -a v a i l a b le  soil N co in c ided  w i th  a 
decrease  in N ass im i la t ion  ra te  b y  the  g rasses  d u r i n g  the  l a t t e r  h a l f  of  
the  g r o w t h  p e r io d ;  t h i s  decrease  o c c u r r e d  e a r l i e r  f o r  r y e g r a s s  than  
f o r  p ha la r i s  ( F i g .  1 0 . 4 b ) .
T h is  s t u d y  i l l u s t r a t e d  t h a t  in mixed p la n t  assoc ia t ions ,  the
re fe r e n c e  p la n t  can have a real and an e r ro n eo u s  e f fe c t  on the  est imate
15o f  £  f o r  a legume u s ing  N iso tope d i l u t i o n .  T h u s ,  the  c o r r e c t
i n t e r p r e t a t i o n  o f  r e s u l t s  ob ta ined  f rom  iso tope d i l u t i o n  s tud ies  re q u i r e s
s u p p o r t i v e  measuremen ts ,  i n c lu d i n g  i n o rg a n ic  soil N c o n c e n t r a t i o n s ,  and
15t he  use o f  several  t r e a tm e n ts  such as those in v o l v i n g  1) N in jec t ion
at  d i f f e r e n t  soil d e p th s  and 2) one ra te  o f  N app l i ca t io n  at  d i f f e r e n t
15 15N c o n c e n t r a t io n s  so t h a t  d i f f e r e n t  p a t t e r n s  of  dec l ine  in N
e n r i c h m e n t  w i th  t ime are g e n e ra te d .  Values o f  R can also be ca lcu la ted
f rom  the  l a t t e r  t r e a tm e n ts  and can ass is t  in e v a lu a t in g  reasons f o r
15d i f f e r e n c e s  in £  g e n e ra te d  b y  d i f f e r e n t  N - a d d i t i o n  t re a tm e n ts  o r  b y  
u s in g  d i f f e r e n t  re fe r e n c e  p la n ts .
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CH APTER  11
GENERAL DISCUSSION AND CONCLUSIO NS
15T h e  inc reased  use o f  th e  N iso tope  d i lu t io n  method f o r
e s t im a t in g  N^ f ix a t io n  in re c e n t  y e a rs  has o c c u r re d  w ith  l i t t le  re g a rd
to  e va lu a t io n  o f  th e  p o te n t ia l  p rob lem s o f  th e  m ethod . T he  re s u l ts  
15o b ta in e d  f ro m  N d i lu t io n  e x p e r im e n ts  have been accepted  as c o r r e c t ,
u n less  o b v io u s  anomalies w ere  fo u n d .  For exam ple , P a tte rso n  and
LaRue (1983) o b ta in ed  n e g a t iv e  es tim ates o f  P when n o n -n o d u la t in g
soybeans w ere  used as re fe re n c e  p la n ts  f o r  nod u la te d  soybeans . The
15lim ited  use o f  the  n a tu ra l  N a bu ndance  method f o r  e s t im a t in g  N^ 
f ix a t io n  in th e  f ie ld  has caused i t  to  be d e s c r ib e d  as 'a t  b e s t ,  
r o u g h ly  q u a n t i ta t iv e '  (H a u c k  and B re m n e r  1976; B re m n e r  and H auck 
1982). T he  se r ies  o f  e x p e r im e n ts  d e s c r ib e d  in th is  th e s is  id e n t i f ie s
15
and eva lua tes  some o f  th e  fe a tu re s  o f  th e  N iso tope  d i lu t io n  and
15n a tu ra l  N abundance  m ethods w h ich  can cause e r r o r s  in th e
e s t im a tion  o f  £ ,  b y  legum es, w i th  specia l re fe re n c e  to  p a s tu re s .
In bo th  th e  f ie ld  and soil p ro f i le  e x p e r im e n ts  th e  re s u l ts  showed
t h a t  th e  most im p o r ta n t  fa c to r  ca us ing  e r ro n e o u s  estim ates o f  P b y  
15 N iso tope  d i lu t io n  was th e  a b i l i t y  o f  th e  re fe re n c e  p la n t  to  measure
a c c u ra te ly  th e  is o to p ic  com pos it ion  o f  the  N ass im ila ted  f rom  th e  soil
b y  th e  legum e. In te r p r e ta t io n  o f  th e  re s u l ts  f rom  these  s tu d ie s  was
com p lica ted  because o f  th e  real e f fe c t  o f  th e  re fe re n c e  p la n t  on th e
level o f  soil N a va i lab le  f o r  u p ta k e  b y  th e  legume, and th e re fo re  on
15
£ .  N e v e r th e le ss  la rg e  d i f fe re n c e s  in the  es tim ate  o f  £  b y  N iso tope  
d i lu t io n  w ere  o b ta in e d  w i th  d i f f e r e n t  re fe re n c e  p la n ts ,  even when
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g r o w in g  t o g e t h e r  in the  same p lo t .  T h u s ,  t h e  re fe re n c e  p la n t  may
no t  a lways  ass imi late  added N and in d ig e n o u s  soil N in the  same ra t io
(R )  as the  legume, and an e r ro n eo u s  es t imate  o f  P_ can r e s u l t .
A new t e c h n iq u e  was deve loped  w h e r e b y  JR could be de te rm ined
s e p a ra te l y  f o r  the  legume and r e fe r e n c e  p la n t .  S tud ies  w i th  t h i s
t e c h n iq u e  co n f i rm e d  the  s u g g e s t i o n s  f ro m  th e  f ie ld  e x p e r im e n t  t h a t
p h a la r i s  was a poor r e fe re n c e  p la n t  f o r  s u b te r ra n e a n  c lo v e r .
F u r t h e r m o r e ,  neg a t i ve  es t ima tes o f  P w e re  sometimes ob ta ined  when 
15t h e  N iso tope d i l u t i o n  method was used f o r  t h e  c l o v e r / p h a l a r i s
assoc ia t io n .  T h i s  was c o ns ide red  to be due  to a decrease w i t h  t ime
15 15 -in the  N c o n c e n t r a t io n  o f  the  p la n t - a v a i l a b le  soil N a f t e r  NO^
a d d i t i o n ,  and to p r e fe r e n t i a l  N ass im i la t ion  b y  the  legume at  an
15e a r l i e r  s tage  of  g r o w t h  compared  w i th  p h a la r i s .  As a r e s u l t  t he  N
c o n c e n t r a t i o n  in the  legume was t e m p o r a r i l y  h i g h e r  t ha n  t h a t  in
p h a la r i s .  In the  c l o v e r / r y e g r a s s  assoc ia t ion ,  the  ra te  o f  dec l ine  in
15 N e n r i c h m e n t  o f  p la n t -a v a i l a b le  soil N was even g r e a t e r  than  t h a t  in
th e  c l o v e r / p h a l a r i s  assoc ia t ion .  H o w e v e r ,  t h e r e  was no d i f f e r e n c e  in
between c lo v e r  and r y e g r a s s ,  i n d i c a t i n g  t h a t  annual  r y e g r a s s  was
p r o b a b l y  a good re fe re n c e  p la n t  f o r  s u b te r r a n e a n  c lo v e r .  I t  has been
s u gg e s te d  t h a t  d i f f e re n c e s  in R be tween legumes and re fe re n c e  p lan ts
cou ld  also be due to d i f f e r e n c e s  in t h e i r  roo t  p e n e t r a t io n  and N
15u p ta k e  p a t t e r n  w i th  soil d e p t h ,  p a r t i c u l a r l y  s ince the  added N o f ten  
remains in t h e  s u r fa c e  la ye r  o f  soil ( e . g .  Knowles 1981).  H ow eve r ,  
roo t  a c t i v i t y  s tud ie s  revea led  t h a t ,  in p r a c t i c e ,  t h i s  may be o f  l i t t l e  
im p o r ta nce  in es ta b l i shed  p a s tu re s  s ince  most  p la n t -a v a i l a b le  soil N 
and most  roo ts  o c c u r  r e l a t i v e l y  close to the  soil s u r fa c e .
15W i t t y  (1983b) also recogn ised  the  p rob lem of  a d e c l in i n g  N 
e n r i c h m e n t  o f  the  p la n t - a v a i l a b le  soil N and i t s  e f f e c t  on the
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15es t ima t ion  o f  P b y  N iso tope d i l u t i o n .  He sugges ted  t h a t  several
re fe r e n c e  p lan ts  be used to ga in  some fee l ing  o f  t h e i r  s u i t a b i l i t y .
H o w e v e r ,  in es tab l i shed  le g u m e /g ra s s  p a s tu re s  t h e r e  may be l i t t l e  o r
no choice in the  re fe re n c e  p la n t .  In v iew  o f  the  la rge  e r r o r s  in the
15est imate  o f  P u s ing  N iso tope d i l u t i o n  t h a t  can o c c u r ,  one o r  more
o f  the  fo l l o w in g  p ro c e d u re s  shou ld  be c o ns ide red  to  im p rove  the
a c c u r a c y  o f  the  es t imate :
151) t h e  use o f  N compounds  w i t h  s low- re lease  c h a r a c t e r i s t i c s ,  as
tes te d  b y  W i t t y  and R i tz  (1984 ) ,  a l t h o u g h  t h e i r  a d d i t i o n  may r e s u l t  in 
p rob le m s because o f  poo r  p e n e t r a t io n  in to  the  soil when
s u r f a c e - a p p l i c a t i o n  is n ec e s s a ry ;
152) r e g u la r  a d d i t i o n s  o f  small amounts  o f  N - labe l led  i n o rg a n ic  N
d u r i n g  the  measurement  p e r iod  ( t h e  e f f e c t  o f  t h i s  p r o c e d u re  on 
15changes  in N c o n c e n t r a t io n  o f  soil N w i th  t ime on R w a r r a n t s  
de ta i led  e v a l u a t i o n ) ;
3)  in c lus ion  o f  several  t r e a tm e n ts  w i th  the  same amount  o f  added N
15b u t  d i f f e r e n t  N c o n c e n t r a t i o n s ,  t h e r e b y  p r o v i d i n g  d i f f e re n c e s  in the
15ra te  o f  dec l ine  in N e n r i c h m e n t  o f  soil N. Est imates o f  P u s ing
these  t re a tm e n ts  shou ld  be the  same i f  t he  legume and re fe ren c e  p la n t
a re  wel l  matched in t h e i r  tempora l  g r o w t h  p a t t e r n s .  A lso ,  R_ va lues
may be ca lcu la ted  f rom  these  t re a tm e n ts  i f  g r e a t e r  deta i l  is r e q u i r e d ;
15and 4)  c o n c u r r e n t  use o f  n a tu ra l  N abundance  o r  o t h e r  methods .
15In C h a p te r  4, the  n a tu ra l  abundance  o f  N in the  soil N f rom  a
ra n ge  o f  soi ls was fo u n d  to be s u f f i c i e n t l y  d i f f e r e n t  f rom  a tm osphe r ic
N2 to enab le  es t imat ion  o f  P. T h i s  d i f f e r e n c e  in i so top ic  composi t ion
was v e r y  small compared  w i t h  t h a t  w he re  the  soil N was e n r i c h e d  b y  
1 5a d d in g  N - labe l led  com pounds .  H ow eve r ,  mass s p e c t ro m e t r i c
15measurement  o f  t h e  N c o n c e n t r a t io n  at  n a tu ra l  abundance  was more
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15a c c u ra te  than  at  h igh  N e n r i c h m e n t  and the  iso top ic  composi t ion  of
N assimi lated f rom  unamended soil was much more u n i fo rm  tha n  t h a t
15f ro m  soil to  wh ich  N - labe l led  compound had been a p p l ie d .  T h u s ,
15es t ima t ion  o f  P b y  the  n a tu ra l  N abundance  method was almost  as
15s e n s i t i v e  as t h a t  u s ing  N iso tope d i l u t i o n .  A ls o ,  i t  was not  f r a u g h t
15w i t h  the  p rob lems o f  the  N iso tope d i l u t i o n  method d is cussed  above.
15In the  soil exam ined ,  the  N c o n c e n t r a t io n  in p la n t -a v a i l a b le  soil N
was f o u n d  to be u n i fo rm  w i t h  soil d e p th  and v a r ie d  l i t t l e  w i t h  t ime.
15T h u s ,  r e fe ren c e  p la n ts  t h a t  were  u n s u i t a b le  w i th  the  N isotope
15d i l u t i o n  method p ro v e d  s a t i s f a c t o r y  w i t h  the  n a tu ra l  N a bundance
15method .  T he  u n i f o r m i t y  in the  n a tu ra l  abundance  o f  N in
p la n t - a v a i l a b le  soil N w i th  d e p th  and t ime r e q u i r e s  exam ina t ion  in
o t h e r  soi ls to see i f  t h i s  is a common c h a r a c t e r i s t i c .
Iso top ic  f r a c t i o n a t i o n  can have a much g r e a t e r  e f f e c t  on the
est imates  of  P b y  n a tu ra l  a bundance  th a n  b y  isotope d i l u t i o n  because
15o f  the  small n a tu ra l  d i f f e r e n c e s  in N c o n c e n t ra t io n  between
a tm osphe r ic  and soil N. G rea t  care  was r e q u i r e d  to avoid  i so top ic
15f r a c t i o n a t i o n  d u r i n g  sample p r e p a r a t i o n  f o r  N ana lys is  and p rec ise  
ana ly t i ca l  ca pa b i l i t ie s  were  r e q u i r e d .  I so top ic  f r a c t i o n a t i o n  d u r i n g  
p la n t  u p ta k e  o f  soil N was no t  co ns ide re d  im p o r t a n t  b u t  i t  was fo u n d  
to  be im p o r t a n t  to es tab l i sh  and use a f a c t o r  ( B )  f o r  isotope
f r a c t i o n a t i o n  d u r i n g  f i x a t i o n .  For  example ,  the  est imate  o f  P
u s in g  n a tu ra l  abundance  f o r  lu ce rne  g ro w n  w i t h  r y e g r a s s  in t h e  f ie ld  
was 81% when B was used ,  b u t  o n l y  61% when the  iso top ic  composi t ion  
o f  t h e  f i x e d  N was co ns ide re d  to be the  same as t h a t  o f  a tm osphe r ic  
N^.  T h u s  i t  is recommended t h a t  B be es tab l i shed  f o r  each legume
be ing  s t u d ie d .
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15T h e  n a tu ra l  N abundance  method is p r o b a b l y  b e t t e r  su i ted  f o r
15s tu d ie s  on f i x a t i o n  in n a tu ra l  ecosytems tha n  th e  N iso tope
d i l u t i o n  method .  I t  also has the  po ten t ia l  to  be e x te n de d  to o th e r
sys tem s ,  such  as aqu a t i c  e n v i r o n m e n ts .  For  example ,  measurements
o f  t h e  6 ( ± S . E . )  o f  Azol la  p in n a ta  R . B r .  ( c o n s i s t i n g  o f  a
sym b ios is  o f  the  aqu a t i c  w a te r  f e r n  Azol la and the  N ^ - f i x i n g
c y a n o b a c te r iu m ,  Anabaena azo l lae ) and o f  Sa lv in ia  a u r i c u la ta  A u b le t .
(a w a te r  f e r n  f rom the  same fa m i l y  as Azol la  b u t  w i th  no N ^ - f i x i n g
a s soc ia t ion )  fo u n d  g r o w in g  t o g e t h e r  in a pond were  1.40  ( ± 0 .4 1 )  and
5 .42  (± 0 .2 7 )  %0. A l t h o u g h  a va lue  f o r  B was no t  es tab l i shed  f o r  A .
p i n n a t a , t h e  d i f f e r e n c e s  are  la rge  enough  to in d ica te  t h a t  most  o f  the
N in the  A .  p inna ta  was f i x e d  f rom  a tm osphe r ic  N^.  T h u s ,  t h e  use 
15o f  the  n a tu ra l  N a bundance  method w a r r a n t s  f u r t h e r  eva lua t ion  in 
sys tems o th e r  than  those  w i th  c ro p  and p a s tu r e  legumes.
15
T h e  research  p re s en ted  has shown tha n  when the  N iso tope
15d i l u t i o n  and n a tu ra l  N abu n da n ce  methods are used f o r  the  
es t ima t ion  o f  f i x a t i o n  in the  f i e l d ,  i t  is im p o r t a n t  t h a t  t h e i r
p o ten t ia l  p rob le m s be taken  in to  c o n s id e ra t io n  in the  des ign  o f  the  
e x p e r im e n t s  and in the  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s .  O n ly  the n  wi l l  
more a c c u ra te  est imates  be ob ta in ed  b y  these  methods .
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A PPEN D IX  1
D E R IV A T IO N  OF AN EQUATION FOR E S T IM A T IN G  TRANSFER 
OF NITROGEN FROM A LEGUME TO AN A SS O C IA T ED  
GRASS USING 15N - L A B E L L IN G  OF THE LEGUME
To es t ima te  t r a n s f e r  o f  N f ro m  a legume to an associated  g rass  
15b y  N - l a b e l l i n g  o f  t h e  legume i t  is nece ssa ry  to  have two  t re a tm e n ts
15i n v o l v i n g  a le g u m e /g ra s s  assoc ia t ion ;  1) a c o n t ro l  ( n a tu r a l  N
15a b u n d a n c e ) ,  and 2)  legume p l a n t ( s )  e n r i c h e d  in N b y  f o l i a r
a b s o rp t i o n  at  t ime t  . T h e  d e r i v a t i o n  o f  the  p r o p o r t i o n  o f
15 N - labe l led  legume N t r a n s f e r r e d  to t h e  associated g ra s s  between
t imes t  and t j  is g i v e n  below (see T ab le  A1.1  f o r  sym bo ls )
15T h e  amoun t  o f  N in a p l a n t  can be ob ta in ed  b y  m u l t i p l y i n g  the
15N y ie ld  b y  th e  atoms % N o f  the  p l a n t ,  e . g .  Nj L^ f ° r  the
15 15N - labe l led  legume a t  t ime t  . T h e  e x t e n t  o f  the  N - la b e l l i n g  o f  a
15p la n t  can be es t imated  f rom  th e  d i f f e r e n c e  in the  amoun t  o f  N in
p la n ts  between th e  label led and c o n t ro l  t r e a tm e n ts ,  e . g .
N. L rt -N.  L o r  N. ( L „  - L  ) f o r  t h e  legume a t  t ime t  .I o £o lo uo lo £o uo ^  o
15
Since the  N - l a b e l l i n g  o f  t h e  legume is complete  a t  t  , any  N
assim i la ted  b y  the  legume d u r i n g  the  measurement  p e r io d ,  t ^ - t Q,
shou ld  be o f  the  same amount  and is o top ic  compos i t ion  in the  label led
and c o n t ro l  t r e a tm e n ts .  T h u s ,  t h e  es t ima te  of  the  amount  o f  N
t r a n s f e r r e d  m us t  be based on the  legume N p r e s e n t  at  t  . H ow eve r ,  
15
the  amoun t  o f  N - labe l led  N in the  legume a t  t  can be est ima tedo
f rom  t h a t  p r e s e n t  in the  legume and the  g ra s s  ( t h e  t r a n s f e r r e d
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c o m p o n e n t ) ,  a t  t ( . With th i s  e s t im a t ion ,  it is a s sum ed  t h a t  the  
15or ig ina l  N- label led  N remains  in t h e  legume o r  is t r a n s f e r r e d  to th e  
a s s o c ia t e d  g r a s s .  T h u s ,
Nlo L^£o " Luq) " NU^L£l " Lul) + 15n transferred t0 grass. (75)
Any t r a n s f e r  of N-label led  legume N to t h e  a s s o c ia ted  g r a s s
15b e tw ee n  t  to t .  would r e s u l t  in an in c re a s e  in t h e  N c o n c e n t r a t i o n  o 1
15of t h e  g r a s s .  T h e  am oun t  of N-label led  legume N t r a n s f e r r e d  to 
t h e  g r a s s  is:
T r a n s f e r r e d  N = (N . G n1-N G ) - (N  .G  ^-N G ) .  (76)v g1 £1 go uo v g1 u1 go u o '
H ow ever ,  t h e  am oun t  and  isotopic  composit ion  of t h e  g r a s s  N a t  t
shou ld  be identica l  fo r  t h e  two t r e a t m e n t s  (T a b le  A 1 .1 ) .  T h e r e f o r e ,
T r a n f e r r e d  N = N . G . . - N  .G  . .g1 £1 g1 u1 (77)
T h e  p ro p o r t i o n  of legume N t r a n s f e r r e d  to t h e  a s so c ia ted  g r a s s  ( T ^ )  
can th e n  be es t im ated  from d a ta  fo r  t^ u s in g  e q u a t io n s  75 and  77, 
i . e.
Nd (GU ■ Gul>
NiT h i " LiT - GT>
( 78 )
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T a b le  A 1 .1 .  L is t  o f  sym bo ls  used to  deno te  the  am ount and is o to p ic
15
com pos it ion  o f  N in legumes and g rasses  f o r  a c o n t ro l  ( n a tu ra l  N
a b u n d a n c e )  t re a tm e n t  and a t re a tm e n t  in v o lv in g  fo l ia r  la b e l l in g  o f  
15th e  legume w ith  N .
T im e t  : o
Legume
G rass
Time t ^ : 
Legume
N a tu ra l abundance 15 N - la b e l le d  legume
I m "2 atoms %
M -2g N m atoms %
N lo L uo
N.lo L£o
N G N G
go uo go uo
N n L u1
Nu L £1
N ,
g i Gu1
N ,
g i G£1
G rass
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APPENDIX  2
D E R IV A T IO N  OF THE PROPORTION ( P )  OF LEGUME NITROGEN 
FIXED FROM ATMOSPH ERIC  N2 BY THE C O N V E N T IO N A L  
C A L C U L A T I O N  USING A F IXED Y IE L D -D E P E N D E N T
P V A L U E .
Y i e l d - d e p e n d e n t  est imates  o f  P_ ( e q u a t io n  34, C h a p te r  3) a d ju s t
f o r  p la n t  N p r e s e n t  at  the  s t a r t  o f  a measurement  p e r io d .  T h u s ,  to
examine th e  e f f e c t  o f  i n i t ia l  p la n t  N on th e  est imate o f  P b y  the
co nve n t ion a l  e qua t ions  (31 and 32, C h a p te r  3 ) ,  a p ro c e d u r e  was used
w h e r e b y  th e  conve n t ion a l  ca lcu la t ions  could  be made on data f o r  a
f i x e d  y i e l d - d e p e n d e n t  P v a lue .
15For a g i v e n  atoms % N v a lu e  o f  t h e  re fe r e n c e  p l a n t  at  t h e  end
15o f  a measurement  pe r iod  ( t ^ ) ,  t he  atoms % N o f  the  N ass imi lated 
d u r i n g  the  measurement  p e r iod  ( t ^ - t  ) was es t imated b y  the  
y i e l d - d e p e n d e n t  equa t ion
w h e re  Nq and N^ are the  N y ie ld s  at  t  and t^ r e s p e c t i v e l y .  The  
c o r r e s p o n d in g  va lue  f o r  the  legume a t  a f i x e d  y ie l d - d e p e n d e n t  P va lue  
was ob ta in ed  b y  r e a r r a n g i n g  equa t ion  32 ( C h a p t e r  3) to g iv e
atoms % ^N/t  . %
o '
N-j atoms % - Nq atoms %
(79)
atoms % 15 = (l-P ).a tom s %
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15w h e re  B is the  atoms % N o f  the  legume N d e r i v e d  e n t i r e l y  f rom
a tm o s p h e r i c  and the  s u b s c r i p t  r e f  in d ica tes  the  re fe r e n c e  p la n t .
15T h e  atoms % N o f  the  legume t h a t  wou ld  be measured  at  t^ can then  
be ob ta in ed  b y  r e a r r a n g i n g  th e  e q u iv a le n t  o f  equa t ion  79 f o r  the  
legume as f o l l o w s :
atoms % 15Nlegum e(ti) -  t(NL1 - NLQ).atoms S 15Nlegume( t r t o)
+ 'V atoms % 15Nlegume(t0T NLl (81)
w h e re  NL and N L .  are the  N accumula ted  b y  the  legume at  t  and t .o 1 o 1
r e s p e c t i v e l y .  T h u s ,  the  conve n t ion a l  method o f  ca lc u la t in g  £  
( e q u a t io n  32, C h a p t e r  3)  cou ld  the n  be a p p l i e d ,  s ince va lu es  f o r  the  
atoms % N o f  the  legume (e q u a t io n  31)  and re fe re n c e  p la n t  (a f i x e d  
v a lu e )  at  t^ have been o b ta in e d .
